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Abstract 
The use of low NOx boilers in coal fired power plants has resulted in 
sulfidizing corrosive conditions within the boilers and a reduction in the service 
lifetime of the waterwall tubes.  As a solution to this problem, Ni-based weld overlays 
are used to provide the necessary corrosion resistance however; they are susceptible to 
corrosion fatigue.  There are several metallurgical factors which give rise to corrosion 
fatigue that are associated with the localized melting and solidification of the weld 
overlay process.  Coextruded coatings offer the potential for improved corrosion 
fatigue resistance since coextrusion is a solid state coating process.  The corrosion and 
corrosion fatigue behavior of alloy 622 weld overlays and coextruded claddings was 
investigated using a Gleeble thermo-mechanical simulator retrofitted with a retort.  
The experiments were conducted at a constant temperature of 600°C using a simulated 
combustion gas of N2-10%CO-5%CO2-0.12%H2S.  An alternating stress profile was 
used with a minimum tensile stress of 0 MPa and a maximum tensile stress of 300 
MPa (ten minute fatigue cycles).  The results have demonstrated that the Gleeble can 
be used to successfully simulate the known corrosion fatigue cracking mechanism of 
Ni-based weld overlays in service.  Multilayer corrosion scales developed on each of 
the claddings that consisted of inner and outer corrosion layers.  The scales formed by 
the outward diffusion of cations and the inward diffusion of sulfur and oxygen anions. 
The corrosion fatigue behavior was influenced by the surface finish and the crack 
interactions.  The initiation of a large number of corrosion fatigue cracks was not 
necessarily detrimental to the corrosion fatigue resistance.  Finally, the as-received 
coextruded cladding exhibited the best corrosion fatigue resistance.    
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Chapter 1: Introduction 
Corrosion of Waterwall Tubes 
Boiler Conditions 
Environment regulations have required coal fired power plants to reduce the 
amount of NOx emissions due to the coal combustion process.  This has caused the 
implementation of low NOx boilers which reduce NOx emissions by creating a 
reducing atmosphere within the boiler.  This switch to low NOx conditions has 
resulted in severe corrosion of the waterwall tubes, with typical corrosion rates of 
0.5mm/yr for subcritical boilers and 1-2mm/yr for supercritical boilers
1
.  Under the 
previous oxidizing conditions, low alloy steels formed a protective oxide scale, usually 
Fe3O4, which protected the waterwall tubes from severe corrosive attack.  The Fe3O4 
scale was dense and impermeable to gas.  It adhered strongly to the waterwall tube and 
was thus resistant to spallation which leads to severe waterwall wastage.  The Fe3O4 
scale grew slowly and had a growth rate that decreased with time.  As a result, 
corrosion of the waterwall tubes did not dictate the service life.  However, after the 
switch to low NOx boilers, the conditions within the boiler changed and sulfidation 
became possible.  This sulfidation has led to corrosion and more importantly, 
corrosion fatigue, being the dominant factor in the service life of the waterwall 
tubes.
1,2
 
Stoichiometric combustion within the boilers occurs when the oxygen levels 
are above the theoretically necessary values.  This is required to achieve complete 
combustion and is why coal fired power plants previously operated under oxidizing 
conditions.  However, during stoichiometric combustion, nitrogen oxides (NOx) such 
as NO or NO2 are formed by high temperature oxidation of N2.  Reducing the amount 
  
3 
 
of oxygen available reduces the oxidation of nitrogen and therefore decreases the NOx 
emissions.  Thus, coal fired power plants have implemented a staged combustion 
process where the lower boiler is in reducing conditions.  Additional air is then 
introduced at higher elevations within the boiler by overfire airports (OFAs) to 
complete the combustion process.  As a result, the conditions within the coal fired 
boiler are variable, particularly in regions where the oxygen rich air from OFAs meets 
the reducing combustion atmosphere.  These conditions are further complicated by the 
fact that boiler operation load changes, such as low load operations at night, can 
change the reducing or oxidizing conditions.
3
  
Under the previous oxidizing conditions the sulfur (S) in the coal formed SO2 
and SO3.
3,4
  However, under reducing conditions hydrogen sulfide (H2S) forms instead 
which is significantly more corrosive.  In the presence of carbon monoxide (CO), 
sulfur within the coal could be transformed into H2S as follows  
FeS2 + CO + H2O → FeS + H2S +CO2    [1] 
Additionally, S from the coal can react with hydrogen (H2) present in the boiler 
atmosphere to form H2S as well. 
S + H2 → H2S      [2] 
The H2S that forms can then interact with iron (Fe) in the low alloy steel 
waterwall tubes to form pyrrhotite (FeS).   
Fe +H2S → FeS + H2     [3] 
FeS can also form by sulfidation of the oxide scale, Fe3O4.
1,2
 
Fe3O4 +3H2S + CO → 3FeS + 3H2O + CO2   [4] 
  
4 
 
Clearly, sulfur in the coal can react in a variety of ways to form pyrrhotite and 
the corrosion product on the surface of the low alloy steel waterwall tubes consists of 
Fe3O4 and FeS.  This sulfide scale is inherently weaker and does not adhere as well to 
the waterwall tubes as the previous iron oxide scale.  Therefore it is more susceptible 
to spallation as a result of the different conditions within the boiler that give rise to 
thermal fatigue conditions.  In addition, this scale has a significantly higher growth 
rate.  As a result, corrosion is the dominant factor in the service life of steel waterwall 
tubes.
1,2
 
Under these substoichiometric conditions, it is also possible for deposits to 
develop on the surface of the waterwall tubes which affect the boiler performance and 
the corrosion behavior of the tube material.  This process, known as slagging, is 
defined as the deposition of molten, partially fused deposits on the waterwall tubes 
which are exposed to radiant heat from combustion.
3
  Typically, the slag is composed 
of ash and mineral compounds from the coal and the composition of the slag is 
dependent on the composition of the coal.  Pyrite (FeS2) is the main corrosive mineral 
found in coal that leads to corrosion of waterwall tubes.  FeS2 can decompose into a 
variety of different solid, liquid, and gaseous corrosion products.  This includes 
pyrrhotite (FeS), FeS-FeO, magnetite (Fe3O4), hematite (Fe2O3), S2, SO, SO2, and 
SO3.
4-6
  The corrosive nature of the slag is due in large part to pyrite particles that 
impact and adhere to the furnace waterwall tubes and then decompose.
4
  Research has 
shown that combustion of pyrite involves rapid decomposition to FeS followed by 
possible melting of FeS, oxidation of FeS to iron oxides (FeO→Fe3O4→Fe2O3) and 
the formation of sulfur bearing gases such as S2, H2S, and SO2.
5
  It should be noted 
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however, that proving that unreacted pyrite particles reach the waterwall tubes is 
difficult given the rapid rate at which FeS2 decomposes to FeS.
4
  As such, it is hard to 
know to what extent FeS2 is deposited on the waterwall tubes as compared to FeS. 
There are a variety of situations that lead to thermal fatigue conditions in the 
boiler.  This includes startup, shutdown, and load changes.  Additionally, the 
insulating effect of deposits on the waterwall tubes, as well as the natural spallation 
and sootblowing operations can significantly contribute to thermal fatigue.  During 
combustion, ash and mineral constituents may be in a molten state when they are 
deposited on the waterwall tubes.  They also may reach their melting temperatures and 
flow down the waterwall tubes.  When the slag solidifies, it is very tenacious and often 
requires the use of sootblowing operations.  Waterlances and watercannons spray 
ambient temperature water on the waterwall tubes which removes the deposit by 
thermally shocking it.
3
  The deposit shields the boiler tubes from the radiant heat 
generated by the combustion conditions and lower the temperature of the waterwall 
tubes.  During sootblowing operations, the ambient temperature water causes the 
waterwall tube temperature to decrease rapidly.  However, since the waterwall tube is 
no longer insulated by the deposit, a significant increase in the temperature of the 
waterwall tube then occurs.  Overtime, new deposits form on the service of the 
waterwall tubes and again reduce the temperature of the tubes.  This cycle repeats 
itself and gives rise to the thermal fatigue conditions.  A similar effect is also observed 
when slag naturally spalls off the surface of the waterwall tube.  The only difference 
from the sootblowing operations is that this process does not involve a large decrease 
in temperature due to the application of room temperature water.
3
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Corrosion of Waterwall Tubes 
It has been shown that waterwall corrosion increases dramatically when a 
deposit on the waterwall tube is present.  In particular, FeS deposits on waterwall 
tubes have been found to significantly increase the corrosion rates of low alloys steels.  
Research by Nakagawa et. al
7
 has demonstrated this, as shown in Figure 1 where the 
corrosion rate of 0.5Cr-0.5Mo steel increases with the presence of FeS.  The 0.5Cr-
0.5Mo steel was corrosion tested with several different ash components and a 
simulated combustion gas at 450°C for 1000hrs.  The composition of the gas used was 
12.2%CO, 9.9%CO2, 7.2% H2O, 2.8% H2, 0.02%SO2, 360 ppm H2S and balance N2.  
The corrosion rates of the samples were determined by measurements of the surface 
recession from cross-sectional samples and by weighing the samples before and after 
the corrosion tests.  The results show that FeS significantly increases the corrosion of 
0.5Cr-0.5Mo steel.  The authors suggested that this is a result of FeS acting as a 
catalyst and increasing the partial pressure of sulfur at the metal/scale interface.  
Further research
8
 showed that a 4 to 5 fold increase in the corrosion rate of low alloys 
steels was possible as a result of the presence of a FeS.  Samples of T2 (0.5Cr) steel 
were corrosion tested using alternating mixed gases and sample temperatures.  Table 1 
shows the test conditions where the samples were tested with a reducing/sulfidizing 
gas for 16 hrs and then an oxidizing gas for 8 hrs.  This was done to simulate the daily 
load cycles of a coal fired power plant.  During peak cycles, reducing gases exist near 
the waterwall tubes and the average temperature is typically higher.  During partial 
load operations, oxidizing gases may exist near the furnace walls and the temperature 
of the waterwall tubes may also decrease.  The effect of the ash deposits on the 
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corrosion rates was also studied as samples were tested with and without FeS.  The 
composition of the ash deposit was 10% fly ash and 90% FeS.  The samples were 
tested for 2000 hours, however the ash deposits were replenished every 500 hrs.  The 
corrosion rates were determined by analyzing cross-sections of the samples.  The 
results showed that the samples without the FeS had a corrosion rate of 10-15 mil/yr 
and the samples with the FeS has a corrosion rate of 40-50 mil/yr.
8
  These results 
clearly demonstrate that the presence of FeS deposits adversely effects the corrosion 
resistance of the low alloy steels. 
Additional testing was conducted by Bakker and Kung
1,2
 to try and understand 
the effect of FeS deposits on the corrosion of low alloy steels.  Table 2 shows that the 
presence of an FeS deposit on T2 steel under synthetic flue gas conditions had a 
beneficial effect on the corrosion rate.  The samples were tested for 600 hrs at 800°F 
(427°C) with a reducing flue gas composition of 7CO, 12CO2, 6H2O, 0.13H2S, 0.008 
HCl, balance N2.  After the corrosion test, the sample thickness was measured to 
determine the corrosion rate.  Under these conditions, the FeS was shown to act as an 
inert barrier that reduces the corrosion rate.  However, Table 3 shows that an FeS 
deposit significantly increases the corrosion rate under alternating oxidizing and 
reducing conditions.  Again, T2 steel samples were corrosion tested with synthetic flue 
gas compositions at 800°F.  In this test however, the samples were tested for 400hrs 
and the gas alternated between the reducing gas and an oxidizing gas (17CO2, 6.3H2O, 
1O2, 0.13SO2, 0.008HCl, balance N2).  This was done to simulate a two shift operation 
where the boiler is operated at a reduced load during the night.  The results suggest 
that the FeS deposit is detrimental under oxidizing conditions.  Furthermore, Figure 2 
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shows the effect of the gaseous environment on the corrosion rate of T2 steel with a 
FeS deposit on the surface.  The tests were performed at 850°F (454°C) and the CO 
and O2 gas compositions were varied as shown.  Deposits of 10, 30, and 60% FeS as 
well as bare samples were tested and the corrosion scale thickness of the samples was 
used to determine the range of corrosion rates.  The corrosion rate is at a maximum 
when the FeS is under oxidizing conditions and decreases under reducing conditions.  
It is important to note however, that the presence of FeS still accelerates the corrosive 
attack under mildly reducing conditions (0-3% CO) and only becomes relatively inert 
under severe reducing conditions.
1,2
 
Additional testing was then conducted to determine what gaseous sulfur 
species formed due to the presence of a FeS deposit.  Air containing 6% H2O was 
flowed through a reaction chamber containing a mixture of 60% FeS, 20% carbon 
black, and 20% fly ash at 950°F (510°C).  Table 4 shows the original gas composition 
and the compositions of the gases exiting the reacting chamber as a function of time.  
High levels of SO2 and elemental S formed during the test and a significant amount of 
O2 and H2O were consumed.  This indicates that FeS reacts with H2 and O2 to form 
SO2 and elemental S.  Elemental S is very corrosive and contributes significantly to 
the corrosive attack of the waterwall tubes.  Although SO2 is generally considered to 
be less corrosive, the significantly high levels of SO2 may still contribute significantly 
to the corrosive attack.  Clearly, this result demonstrates that the corrosive gas, H2S, 
which is found within the gaseous conditions of low NOx boilers, is not the only 
contributing factor to waterwall corrosion.  These results demonstrate that when 
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deposits of FeS form on the surface of waterwall tubes, they release corrosive sulfur 
species under oxidizing conditions which leads to severe corrosive attack.   
The FeS deposit was also tested under the same conditions with a flue gas 
containing a significantly lower amount of O2 (1% instead of 20%).  The results are 
shown in Table 5 which shows that corrosive SO2 and element S are still formed, 
however at a lower rate.  In addition, another corrosive sulfur species, CH3SH, is 
formed.  This indicates that even under mildly reducing conditions, FeS will still react 
to form corrosive sulfur species.  These corrosive sulfur species attack the underlying 
waterwall tube material and result in significantly higher corrosion rates.
1,2
 
Research has also suggested that pyrite (FeS2) particles could cause significant 
corrosion of waterwall tubes.  Due to flame impingement and poor combustion 
conditions, it has been suggested that unburnt coal particles are being deposited on the 
waterwall tubes.  As a result, pyrite particles which naturally occur in coal can 
decompose in the boiler atmosphere as follows: 
FeS2 → FeS + ½S2     [5] 
This reaction was found to occur under conditions where oxygen is present as well as 
when oxygen is not present.  The free S from this reaction can then react with the base 
metal to form FeS.  When oxygen is present, it was determined that the FeS would 
then oxidize and form iron oxide as follows: 
3FeS + 5O2 → Fe3O4 + 3SO2    [6] 
In addition, the sulfur generated in the reaction given in equation 5 will also oxidize to 
form SO2 and SO3 instead of just FeS.  Finally, the research demonstrated that when 
oxygen is absent, significant corrosion occurred with FeS2 while the FeS corrosion 
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rates were neglible.
4
 These results demonstrate that FeS2 is clearly more corrosive than 
FeS.  FeS2 is able to corrode the waterwall tubes under conditions where oxygen is not 
present.  Additionally, when oxygen is present, FeS2 is able to release free S while 
forming FeS.  This leads to additional corrosion because it is releasing free S in 
addition to forming FeS which is then able to attack the material.  Clearly, if FeS2 is 
being deposited onto the surface of the waterwall tubes as suspected, it is significantly 
enhancing corrosion. 
As mentioned previously, deposits of ash and minerals can form on the surface 
of waterwall tubes.  As a result of this process, corrosion of the waterwall tubes is not 
exclusively controlled by gaseous corrosion but is also influenced by the deposit on 
the surface of the waterwall tube.  Given the severe corrosive conditions that exist in 
coal fired power plants equipped with low NOx burners, Ni based weld overlays on the 
low alloy steel waterwall tubes are now being used to provide the necessary corrosion 
resistance.  As a result, the gaseous reactions that were discussed are not nearly as 
relevant, given the low Fe content of the Ni based weld overlays.  The H2S gas can 
still interact with the Ni-based weld overlays and form a corrosion product; however 
the presence of FeS on the waterwall tubes is a result of the deposition of FeS2 and 
FeS on the waterwall tubes, rather than the interaction of H2S with the waterwall tube.  
This suggests that the deposits are mostly responsible for the corrosion of the 
waterwall tubes. 
Under the aforementioned boiler conditions, the corrosion of the waterwall 
tubes can occur by two mechanisms: a solid state corrosion reaction between the metal 
and the deposit or the decomposition of the deposit which releases corrosive sulfur 
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species that attacks the alloy.  These mechanisms are not mutually exclusive as 
corrosion scales often have cracks and fissures that allow for gas to be transported to 
the surface of the material.  It is entirely possible that a combination of these two 
mechanisms is what results in the corrosion of waterwall tubes.  In either case, it is 
important to remember that both mechanisms lead to significant corrosion of the 
waterwall tubes. 
Sulfidation 
Sulfidation is defined as the corrosive attack experienced by alloys when they 
are exposed to sulfur bearing atmospheres at elevated temperatures which leads to the 
formation of metal sulfides.  As discussed previously, the conditions within the boilers 
are such that sulfur is present in significant quantities, in the form of corrosive gases 
and deposits.
9
  Therefore, it is important to understand the process by which the 
waterwall tubes corrode under the boiler conditions.  The corrosion rate of the 
waterwall tubes is dependent on several kinetic steps.  This includes the transport of 
corrosive species to the surface of the material via gas flow and diffusion, the surface 
reaction in which the gas or solid dissociates which frees the corrosive ions to attack 
the material, the transfer of metal atoms into the scale and the growth of the scale by 
the solid state diffusion of anions and cations.
10
 
All metal sulfides are ionic compounds and so transport of elements through 
the sulfide scale involves the movement of charged ions through the crystal structure.  
Since scale growth is dependent on the transport of cations and anions, it is important 
to understand the mechanisms of ionic transport.  For stoichiometric compounds, the 
diffusion of ions occurs via Schottky and Frenkel defects.  Schottky defects are 
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cation/anion vacancy pairs and Frenkel defects are cation vacancy/interstitial pairs.  
Diffusion of cations and anions through the sulfide will thus involve the concurrent 
flow of cation and anion vacancies in the opposite direction of the diffusing ions.  For 
either defect, the diffusion of cations results in scale growth at the scale/environment 
interface and the anion diffusion results in growth at the scale/metal interface. 
In addition to the diffusion of anions and cations, electrical conductivity is also 
important to ionic transport, since sulfidation is an electrochemical process.  
Sulfidation, which is often thought of as M + ½S2 → MS, actually consists of two 
partial processes, M →M2 + 2e- and ½S2 + 2e
-
 → S2.  Metal ions form at the 
metal/scale interface and sulfide ions form at the scale/environment interface.  Since 
the electronic conductivities of sulfides are usually several orders of magnitude greater 
than their ionic conductivities, the diffusion of either cations or anions controls the 
sulfidation.  The cations and anions do not however, diffuse at the same rate through 
the sulfide scale and so growth of the scale ends up occurring at the metal/scale 
interface or the scale/environment interface.
11
   
Most sulfides are nonstoichiometric which means that their actual 
compositions deviate from their ideal molecular formulas.  This means that additional 
defects besides Schottky and Frenkel defects play a role in the diffusion of ions 
through the sulfide scale.  Some sulfides have an excess of metal ions (i.e. sulfur 
vacancies) and others have a deficiency (i.e. metal vacancies).  In the case of a sulfide 
with excess metal ions the charge neutrality is maintained by the presence of 
additional electrons in the lattice.  This type of sulfide is referred to as an n-type 
semiconductor since electrical conduction occurs by the diffusion of negative charge 
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carriers.  In the case of a metal deficient sulfide, the metal vacancies are balanced by 
substitutional atoms that have a higher valency.  This additional charge can be treated 
as an electron hole and this type of scale is considered a p type semiconductor.  A 
similar effect can be observed when other elements substitute for the host ions.  This 
introduces excess charges or deficiencies which are the same as the ones introduced by 
the metal and sulfur vacancies described above.  As such, the charges from 
substitutional atoms must also be offset by vacancies and electrons in the lattice.
11
   
Given that coal fired power plants used to operate under oxidizing conditions, 
it is important to understand the differences between oxidation and sulfidation.  The 
most important difference is that sulfidation rates are significantly higher.  Figure 3 
shows the temperature dependence of the oxidation rates of several different metals as 
compared to the sulfidation rates.
12
  Figure 4 shows that sulfides tend to be very 
nonstoichiometric and therefore have a larger number of defects and thus faster 
corrosion rates.
12,13
  The mobility of the defects also plays an important role and 
Figure 5 shows that the chemical diffusion coefficients of several different sulfides 
and oxides.  A direct comparison of NiO and NiS for example reveals that the 
chemical diffusion coefficients differ by no more than about an order of magnitude.  In 
comparison, the extent of nonstoichiometry for NiO and NiS in Figure 4 differs by 
about two to three orders of magnitude.
12
  This indicates that the defect concentration 
has a much stronger influence than defect mobility on the diffusion of elements in 
sulfides and oxides.
12
  Additionally, sulfides tend to have significantly lower melting 
temperatures than oxides.
12,13
  The lower the melting point of the sulfide in relation to 
the service temperature of the alloy, the more rapid the sulfidation will be because of 
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the higher ionic diffusion rates within the sulfide scale.
9
  If the melting temperature is 
actually reached in service the formation of a liquid phase results in very rapid 
reactions.
12,13
  For oxidation, the values for the free energy of formation for critical 
alloying elements such as Cr and Al are much higher than the host elements that make 
up the bulk of an alloy, such as Fe and Ni.  As such, selective oxidation of the critical 
alloying elements is easier.
12
  The growth rate of the oxide is also slow enough to 
allow the critical alloying elements in the material to diffuse to the scale/metal 
interface and continue the oxidation process.  In the case of sulfidation, the values of 
free energy of formation for the critical alloying elements are similar to the host 
elements.  As such, selective sulfidation of the critical alloying elements is difficult 
and the corrosion scales are composed of both critical alloying elements and host 
elements.
12
  The high growth rate of the sulfide scale also makes the formation of a 
continuous scale of critical alloying elements difficult as the diffusion of the alloying 
elements to the scale/metal interface is not able to keep up.
12
  Finally, the dissociation 
pressure of sulfides is generally larger than oxides which means that a higher partial 
pressure is obtained at the scale/metal interface.
13
 
Since the boiler conditions are suitable for sulfidation to occur, the rate of 
corrosion will be controlled by various physicochemical properties of the sulfide.  If 
sulfidation involves the inward diffusion of sulfur through the scale, the sulfide 
formation will occur at the metal/scale interface.  In order for a scale to be protective, 
the ratio of the volume of the newly formed scale to the volume of the metal being 
consumed must be greater than one.  If it is not, the stresses in the scale will be tensile 
and the scale will not be able to sufficiently cover the surface of the material and it 
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will not be protective.  If the ratio is greater than one, the stresses in the scale will be 
compressive and the scale will potentially be protective.  However, if the ratio is 
significantly greater than one, the stress level within the scale may become large 
enough to rupture the scale or to cause porosity.  If the sulfidation involves the 
outward diffusion of cations to the scale/environment interface, then the scale will not 
be constrained by the preexisting bulk material.  The ratio of the volumes of the scale 
and the preexisting base metal become significantly less important.  In fact, the scale 
would seem to develop in a stress free manner.  However, stresses will still arise in the 
scale as the metal surface will tend to recede and the scale will tend to adhere to the 
metal surface.  This produces tensile stresses normal to the metal surface and 
compressive stresses parallel to the metal surface.
9,11,14
  In addition, the growth rate of 
the protective scale must be slower than the growth rate of a scale comprised of the 
base element.  As mentioned previously, sulfides also tend to be nonstoichiometric, 
and the amount and types of defects of a particular sulfide will also influence the 
mechanism of sulfidation.  The mechanism is either an outward diffusion of metal 
cations to the scale/environment interface or an inward diffusion of sulfur anions to 
the scale/metal interface.
9
  This is demonstrated by Figure 6 which shows the 
sulfidation of Ni and oxidation of Co.
12
  Inert markers were placed on the surface prior 
to corrosion and the results show that the inert markers remained close to the metal 
scale interface, indicating the outward diffusion of cations.
15
  In the case of cation 
diffusion towards the scale/environment interface, there will be diffusion of vacancies 
in the opposite direction and possible condensation of those vacancies at the 
scale/metal interface.  This can lead to a loss of contact between the scale and the 
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metal and a breakdown in the protection provided by the scale.  An inward diffusion 
of anions to the metal/scale interface will most likely cause the development of a 
significant amount of stress within the scale which can lead to scale rupture.
9
 
In addition to the physicochemical properties which influence the formation of 
sulfide scales, sulfidation is further complicated by the fact that reactive species can be 
transported through sulfide scales via grain boundaries and subgrain boundaries.  
Additional transport could also arise from fissures and cracks in the sulfide scale.
9
 
During the formation of the sulfide scale, there is the potential for the 
formation of voids at the scale/metal interface via a dissociative mechanism.  As an 
example, the sulfidation of an Fe-5Al alloy begins with the growth of an iron sulfide 
layer, see Figure 7.
16
  Fe ions diffuse outward toward the scale/environment interface 
while vacancies flow in the opposite direction.  As this proceeds, the injection of the 
vacancies into the alloy leads to the formation of voids at the scale/metal interface.  
This is further enhanced by the inability of the iron sulfide scale to deform plastically 
and following the receding alloy surface.  Additional sulfidation is then possible by 
the dissociation of the sulfide scale, which produces sulfur gas in the vicinity of the 
voids.  This gas is then able to react with the alloy and further corrode the alloy.  This 
mechanism may also be enhanced by grain boundaries and fissures within the scale 
which allow for the flow of additional corrosive species to the voids and the 
scale/metal interface.  As corrosion continues, the sulfidation rate of the inner scale 
will be governed by the rate of vacancy diffusion into the alloy, while the outer scale 
is controlled by the corresponding rate of diffusion of Fe through the sulfide 
scale.
9,11,16
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Corrosion Fatigue Mechanisms 
There are a variety of factors which lead to the corrosion fatigue of Ni-based 
weld overlays in coal fired power plants.  The boiler conditions which were just 
discussed lead to severe corrosion environment which combines with the thermal 
stresses to cause corrosion fatigue.  As such, it is important to understand the 
mechanisms of corrosion fatigue in general and also the specific mechanisms of 
corrosion fatigue of Ni-based alloys in coal fired power plants. 
Corrosion Fatigue Mechanisms in High Temperature Gaseous Corrosion 
Crack Initiation 
Corrosion fatigue can be defined as the behavior of materials subjected to the 
combined action of cyclic loading and a corrosive environment.  Corrosion fatigue 
involves two major components, crack initiation and crack propagation.
17
  Crack 
initiation occurs in regions of localized strain.  Localized strain can arise from 
preexisting stress concentrations such as notches, localized soft regions in the material, 
and steps or notches that are created by fretting or coarse slip offsets.  Figure 8 shows 
several different types of crack initiation which includes the development of coarse 
slip steps adjacent to grain boundaries, extrusions and intrusions, and coarse slip 
within a persistent slip band (PSB).
18
 
Crack initiation typically begins on the surface of the material.  The surface 
topography and the stress state of the material play a large role in the ability of 
corrosion fatigue cracks to initiate.  Surface flaws often introduce severe stress 
concentrations which promote crack initiation.  In addition, the cyclic straining 
process from corrosion fatigue can roughen the surface topography via dislocation 
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motion at the surface and this significantly enhances crack initiation.  Continued 
fatiguing produces a layer on the top surface which has a significantly higher 
dislocation density than the bulk material.  This can result in regions of localized strain 
and the formation of intrusions and extrusions.  Figure 9
18
 shows schematically how 
an intrusion develops.  Subgrains are formed in the regions of pre-existing or fatigue 
induced soft bands.  Under the tensile conditions of a fatigue cycle, a soft band can 
develop into an intrusion if the soft region is “sucked” into the material.  The 
subsequent compressive portion of the fatigue cycle is not able to reverse this result.  
The intrusion then acts as crack initiation site.  Extrusions are also formed in a similar 
manner except that the soft band is “squeezed” out during the compressive portion of 
the fatigue cycle.
18-20
 
Extrusions and intrusions can also form by a different mechanism involving 
PSBs.  Slip bands that develop due to plastic deformation result in the formation of 
dislocation clusters and dislocation groups, known as veins.  These regions are heavily 
deformed and are separated by regions of undeformed or low dislocation density 
material.  Continued deformation of these veins results in additional hardening of the 
metal, a local rearrangement of dislocations, and the formation of PSBs.  These 
regions of high dislocation density then act as initiation sites for fatigue cracks.  The 
presence of slip steps on the surface of an alloy also promotes the formation of PSBs.  
Additional fatigue leads to the formation of cells in the strain free zones between the 
PSBs.  The dislocations move from the PSBs to the strain free zones because of cross 
slip.  During the reverse loading, reverse slip occurs and extrusions are formed.  Often 
times, these extrusions are associated with intrusions as well.  Either way, the slip 
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direction must be perpendicular to the surface of the metal to allow for the 
extrusion/intrusion formation.  Clearly, the formation of extrusions, intrusions, and 
slip bands is very important as they all act as initiation sites for corrosion fatigue 
cracks.
17,21,22
 
Corrosive environments can significantly alter the surface deformation that 
was just discussed.  For gaseous corrosion, several mechanisms have been proposed to 
explain the effects of environment on crack initiation in corrosion fatigue.  Most of 
these mechanisms focus on oxidation, however given the similarities between 
oxidation and sulfidation, these models should be applicable to sulfidation as well.  
The first mechanism proposed that the slip bands which form become regions of high 
oxygen concentrations.  This occurs because the deformation induced strain causes 
high vacancy concentrations to develop in the slip bands.  The oxygen in the slip 
bands then hinders crack rewelding which promotes microcrack formation.  This is 
shown schematically in Figure 10.
21,23
  Another mechanism proposed that the strength 
of the oxide film that forms on the surface of an alloy affects the behavior of surface 
deformation.
21,24
  Figure 11
21
 shows this schematically, where the formation of a thick, 
strong oxide on the surface of the alloy hinders the movement of dislocations.  This 
causes the formation of a large amount of debris at the surface which promotes the 
formation of cavities and voids and accelerates crack initiation.
21,24,25
  In contrast, a 
thin oxide does not hinder the movement of dislocations at the surface, which delays 
the formation of cavities and voids and therefore increases the time for crack 
initiation.
17,24
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It has also been proposed that crack initiation can be influenced by the 
formation of corrosion scales on the surface of the sample.  The corrosion scale can 
affect the forces which attract dislocations to the surface.  Dislocations are attracted to 
a surface by a force F
 
F = µb2/4πl      [7] 
where b is the Burger’s vector, l is the distance from the dislocation to the surface, and 
µ is the shear modulus of the material.  In order to understand where this force comes 
from a simple treatment of a dislocation and a free surface will be given here.  The 
reader is referred to Friedel
26
 for more details.  In order to understand how a surface 
interacts with a dislocation the method of images must be used.  Instead of treating a 
screw dislocation line parallel to a free surface, S, a dislocation A and its image B in 
an infinite medium should be considered.  This is shown in Figure 12.  Image B is a 
screw dislocation of opposite sign placed symmetrically with respect to the surface 
and dislocation A.  If each of the dislocations produces the same strains that they 
otherwise would in a medium by themselves, then the stresses they produce cancel at 
the surface S.  If the medium was then cut along surface S (which is free of any force) 
then the initial condition of a dislocation and a free surface is obtained.  Since the 
dislocation would be attracted toward its image under the initial conditions, it stands to 
reason that the dislocation would also be attracted to the free surface once the medium 
was cut along surface S.  It should be noted that this method also applies reasonably 
well to edge dislocations.  If the surface is then covered by a medium with an elastic 
constant µ', such as in the case of a corrosion scale on the surface of a metal, the 
conditions for attraction or repulsion of the dislocation can still be determined.  The 
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strength of the screw dislocation at A must be increased by an image dislocation of 
strength [(µ'- µ)/(µ'+ µ)]b.  The image B must be increased by strength [2µ/(µ'+ µ)]b.  
The dislocation at A is attracted to the image at B and the surface, if µ' < µ and it is 
repelled if µ' > µ.
26
  Thus, it can be stated that if µscale < µalloy then the dislocation will 
be attracted to the surface.  If the opposite is true, the dislocation will be repelled from 
the surface, which inhibits crack initiation.  
A more in-depth analysis of each of these mechanisms reveals that none of 
these mechanisms are universally applicable.  The mechanisms are generally specific 
to a particular metal/environment system and cannot readily be applied to other 
systems.
17
  Additionally, it should become apparent that there are several competing 
theories on corrosion fatigue crack initiation.  This underscores the fact the 
mechanisms of gaseous corrosion fatigue are still not well understood.  This is due in 
larger part to the fact that relatively little research has been conducted on gaseous 
corrosion as compared to aqueous corrosion. 
Crack Propagation 
It is well established that fatigue crack growth rates generally vary with 
alternating stress intensity factor range (ΔK = Kmax- Kmin), as shown in Figure 13.
17
  
At low crack growth rates (i.e. stage 1), the mechanisms of crack growth are not well 
understood however, it is known that the crack growth rates are influenced by the 
microstructure, the mean stress and the environment.  At higher crack growth rates, 
known as stage 2, the growth rates are not predominately influenced by the 
microstructure or the mean stress.  The crack growth rate is related to the stress 
intensity factor by 
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da/dN = CΔKn      [8] 
where a is the crack length, N is the number of cycles, and C and n are scaling 
constants.  Typically, this relationship breaks down when corrosions scales are present 
on the surface of the material.  This is because of crack closure effects which will be 
discussed later.  Finally, at very high crack growth rates, known as stage 3, the crack 
becomes unstable.  Crack growth is usually influenced by the microstructure, mean 
stress, and component thickness in stage 3.  The environment does not usually play a 
significant role.
17
 
Corrosion fatigue crack growth can be categorized into three types of behavior, 
see Figure 14.
27
  Type A corrosion fatigue is typical where the cyclic loading and 
corrosion work synergistically and crack growth is enhanced under all conditions of 
loading except at very high ΔK values.  The environmental effect is also evident from 
the reduction in the threshold for crack growth.  At the high ΔK values, the crack only 
grows due to the cyclic loading.  This is due to the fact that the cyclic loading is so 
rapid that the corrosion process does not have enough time to significantly affect the 
fatigue process.  Type B corrosion fatigue behavior is known as stress corrosion 
fatigue.  The corrosive environment has little or no effect on crack growth at ΔK 
values below some threshold for stress corrosion cracking (K1SCC).  Above K1SCC there 
is a significant environment enhanced sustained load crack growth component.  The 
reason for this is because as ΔK increases a higher stress prevails over each fatigue 
cycle.  ΔK  must reach some critical value before it can produce a significant effect of 
the aggressive environment on the material.  Type C corrosion fatigue behavior is a 
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mix of type A and type B behavior.  Type C behavior occurs for a wide range of 
material environment systems.
27
 
Understanding the mechanisms of corrosion fatigue crack growth requires an 
understanding of the different processes that take place during corrosion fatigue crack 
growth.  The important processes that generally take place are shown in Figure 15.
28
  
The first process involves the transportation of the corrodent species from the bulk 
corrosive environment to the crack tip.  Since the corrodent species can have a 
profound effect on the crack tip, the rate at which the corrodent species reaches the 
crack tip is important.  The next process is the exposure and interaction of new 
material to the local environment created at the crack tip.  It should be noted that the 
highly deformed material in the plastic zone ahead of the crack tip will have a higher 
concentration of slip bands which are more susceptible to corrosive attack.  In some 
materials, the corrosion reaction(s) at the crack tip can cause the formation of a 
different chemical species that may be detrimental to the corrosion fatigue strength of 
the material.  Finally, the removal of the reactants from the crack tip can influence the 
corrosion fatigue of the material.  A buildup of reactants at the crack tip can cause a 
change in the corrosion fatigue process by influencing a number of different factors, 
such as crack closure.  In addition to these processes, the application of a fatigue load 
may cause the rupture of any protective films that may have formed on the surface of 
the material.  These films may protect the material from the corrosive environment 
and serve to reduce the corrosion fatigue.
28
 
As for the actual process of corrosion fatigue crack propagation, there are two 
competing theories.  They involve either crack growth based on slip processes or crack 
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growth based on relative shear processes.  One of the more accepted corrosion fatigue 
crack propagation mechanisms
29,30
 involves the cyclic hardening of the plastic zone 
ahead of the advancing crack tip.  The crack tip experiences repeated blunting and 
sharpening throughout the fatigue process as a result of fully reversible localized 
plastic deformation.  It occurs by successive shearing on slip planes that are not 
parallel to the crack plane and subsequent reversed shear on the same slip planes.  
Figure 16 shows a schematic representation of this process.
29
  Part (a) of the schematic 
shows the initial configuration of the crack and the slip planes ahead of the crack, 
which are represented by the grid.  The crack opens in tension by shear sliding of the 
first slip plane above (b) and then the second slip plane below (c) the crack plane.  The 
tensile load is then removed and the crack experiences reverse shear sliding on the 
first slip plane (d) and then the second slip plane (e).  After a number or iterations of 
this process, fatigue striations form (f).   
Corrosion fatigue crack propagation is still not fully understood for the same 
reasons as corrosion fatigue crack initiation.  However, several different mechanisms 
have been proposed for corrosion fatigue crack propagation.  One of the more 
generally accepted mechanisms suggests that adsorption of specific chemical species 
at the surface of the material may lower the local bond strength and therefore increase 
corrosion fatigue crack growth rates.
31,32
  Adsorption of chemical species can also lead 
to the nucleation of dislocations at the crack tip.  Atoms at the crack tip under vacuum 
conditions have fewer atomic neighbors than atoms in the bulk.  This results in a 
difference in the lattice spacings between atoms at the crack tip and in the bulk.  This 
distortion serves to hinder dislocation motion at the crack tip.  However, when 
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chemical species are adsorbed at the crack surface, the number of nearest atomic 
neighbors for the atoms at the crack tip increases and the distortion in the lattice 
decreases.  This facilitates the nucleation of dislocations at the crack tip and allows for 
easier dislocation motion which ultimately promotes crack growth.
31
  Another 
mechanism was proposed in which the nucleation of dislocations due to adsorption of 
chemical species causes crack growth to occur by slip on alternate planes close to the 
crack tip.  As previously mentioned, the adsorption of chemical species at the crack tip 
enhances dislocation nucleation and motion.  The resultant dislocation motion around 
the crack tip promotes void nucleation ahead of the crack front.  The voids serve to 
blunt the crack tip when the voids coalesce with the advancing crack.  The crack 
blunting enables the crack growth by alternate slip because general yielding is unable 
to occur.
18
  Again, it should be stressed that there is not a universal corrosion fatigue 
mechanism to explain the effects of environment on corrosion fatigue.  The corrosion 
fatigue behavior of an alloy is usually specific to a particular alloy/environment 
system.  However, it can be said conclusively that aggressive corrosive environments 
can significantly increase fatigue crack growth rates in a wide variety of alloy systems 
and environments. 
Corrosion Fatigue of Nickel Based Alloys 
A significant amount of research has been conducted on the fatigue behavior of 
nickel based alloys.  In terms of the corrosion fatigue research, the focus has been on 
either aqueous corrosion fatigue or high temperature fatigue of alloys in air.  In 
particular, a lot of research has focused on materials for gas turbines in oxidizing 
conditions.  Relatively little research has been conducted on corrosion fatigue in other 
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gaseous environmental conditions, including sulfidizing conditions such as the 
combustion environment within coal fired boilers.  As such, a review of the relevant 
concepts involving oxidation will be discussed since corrosion fatigue under oxidizing 
and sulfidizing conditions should be similar.  A review of the available literature on 
corrosion fatigue of Ni-based alloys under sulfidizing conditions will also be given. 
Many factors affect the corrosion fatigue behavior of nickel based alloys.  
These factors include mechanical parameters (such as stress, frequency, etc), 
environmental conditions (temperature, gas composition, etc) as well as the material 
itself (composition, microstructure, etc).  As expected, the presence of oxygen or 
sulfur bearing species can produce significant increases in fatigue crack growth.  This 
is shown in Figure 17 for corrosion fatigue crack growth of Inconel 718 at 650°C in 
air, helium, He-0.5%H2S and He-5%SO2.
33
  Compact tension specimens were tested 
using a sinusoidal waveform with a test frequency of 0.1 Hz.  The results clearly show 
a significant increase in the crack growth rate as a result of the corrosive environment.  
However, understanding this effect and the effect of other factors on corrosion fatigue 
requires an understanding of the corrosion fatigue mechanisms for a particular 
alloy/environment system.  As such, the focus of this section is on the mechanisms of 
corrosion fatigue in Ni-based alloys. 
The fatigue properties of Ni-based alloys are generally sensitive to 
environment.  The fatigue crack initiation and growth rates are significantly increased 
by the presence of an aggressive environment.  In particular, the effect of environment 
is pronounced at lower frequencies (below about 1 Hz) where time dependent damage 
mechanisms become active.  Crack growth in nickel based alloys can be either 
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intergranular or transgranular however crack growth rates tend to be higher with 
intergranular crack growth.  There are a number of mechanisms that have been 
proposed for the corrosion fatigue of Ni-based alloys.  Three corrosion fatigue 
mechanisms are shown schematically in Figure 18.  It should be emphasized that all of 
these corrosion fatigue mechanisms are not mutually exclusive.  They could be active 
simultaneously and serve to increase corrosion fatigue crack growth rates.
34
  
 In the first mechanism, cracking involves adsorption of oxygen at the crack 
tip.  This type of mechanism was described previously in which the adsorption of 
oxygen leads to the nucleation of dislocations at the crack tip.  The requirements for 
this mechanism to be active are: a small difference in electronegativity between the 
alloy and the corrosive species, a low solubility of the corrosive species in the alloy, 
and an intermetallic compound should not form. Table 6 shows that for oxygen and 
sulfur, these conditions are not typically met which suggests that this mechanism is 
less common in Ni-based materials.
34
   
The next mechanism involves the formation of an oxide at the crack tip and the 
subsequent cracking of the oxide or the metal/oxide interface.  Typically oxide wedges 
or spikes will form in the grain boundaries of Ni-based alloys as a result of the 
increased diffusion rates along grain boundaries and because of the strain localization 
at the grain boundaries.  If the Ni-based alloy has carbides present on the grain 
boundaries, this will further exacerbate oxide formation as carbides are preferred sites 
for oxide formation.  It should be noted that oxide wedges and spikes may play an 
even more important role in fatigue cracking if there is a significant amount of hold 
time in the fatigue cycles.  The tensile hold times could induce significant amounts of 
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creep and corrosion.  Additionally, fatigue cycles could cause significant cracking and 
even spallation of the corrosion scale.  It should be emphasized that the high 
temperature corrosion fatigue crack growth rate should not be treated as a summation 
of the effects of fatigue and corrosion.  The effects of corrosion and fatigue work 
synergistically to significantly increase the crack growth rate.
34
   
Research was conducted Inconel 718 at 650°C under several different 
corrosive gaseous environments.  The gases used are shown in Table 7.  Compact 
tension specimens were tested using a sinusoidal waveform with a test frequency of 
0.1 Hz.  Under oxidizing conditions, the mechanism of corrosion fatigue appeared to 
be oxide growth at the crack tip as just discussed.  Severe attack of the Ni-based alloy 
was also observed under sulfidizing gases.  The authors proposed the formation of a 
nickel-sulfur eutectic on the grain boundaries.  The eutectic temperature of the eutectic 
(Ni-Ni3S2) is below the test temperature at 637°C.  The formation of this eutectic on 
the grain boundaries would have worked in a similar manner to the formation of 
oxides at the crack tip.  The same material was then tested under these corrosive 
conditions without the presence of fatigue.  The samples did not experience any 
significant corrosive attack.  This underscores the fact that both the stress from fatigue 
and the corrosive environment must be present in order for the material to experience 
a significant degradation in service life.  It also illustrates that regular corrosion tests 
are not adequate in predicting the effects of an aggressive environment on a given 
alloy.
33
  
The formation of oxides at the crack tip may also have other deleterious 
effects.  Crack tip welding or resharpening during the fatigue process may be altered 
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as a result of the adsorption of oxygen.  Oxides may blunt the crack tip and promote 
more diffuse shear bands ahead of the crack which will reduce the crack growth rate.  
Oxides can also cause crack closure to occur which decreases the effective stress 
intensity range and hinders crack growth.
34
  Research conducted by Floreen and 
Kane
35
 on Incoloy 800 showed that sulfide particle formation at the crack tip could 
reduce and even eliminate cracking through crack tip blunting and by hindering crack 
closure.  Compact tension specimens were subjected to He-SO2 and He-H2S gases at 
temperatures from 316 to 650°C.  Samples were tested with a sinusoidal waveform 
and a frequency of 0.1 Hz.  Large sulfides formed at the crack tips which restricted 
crack closure and blunted the crack tips.  In addition, cracking opening was also 
observed.  The crack opening allowed the crack to get around the sulfide particles as 
the crack tip deviated from the plane it was advancing on.  Ridges were left behind on 
the fracture surface as evidence of crack opening.  Figure 19 shows the proposed 
mechanism for corrosion fatigue of Incoloy 800 under these conditions.
35
  During the 
course of the test, some of the cracks slowed down as a result of the crack growth rate 
being faster than the rate of diffusion of sulfur ahead of the crack tip.  This localized 
the deformation and promoted sulfur adsorption at the crack tip.  Sulfide particles then 
formed at the crack tip.  Additionally, the material in front of the crack tip was then 
enriched in sulfur.  If the sulfide particle that formed was large enough, it arrested the 
crack growth via crack blunting.  If the loading conditions were able to overcome the 
sulfide particle, the crack opened and advanced past the sulfide.  The advancing crack 
tip then grew faster than before as it propagated through the sulfur enriched region that 
formed ahead of the crack tip.
35,36
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The third corrosion fatigue mechanism involves oxygen diffusing into the 
metal ahead of the crack tip.  The oxygen induces the formation of subsurface cracks 
or cavities that then coalesce with the main corrosion fatigue crack.  Most of the time, 
these cracks or cavities form on the grain boundaries ahead of the crack tip and so the 
fracture mode is intergranular.  Typically, there are two ways in which oxygen ahead 
of the crack tip can lead to this type of corrosion fatigue.  First, the oxygen can build 
up on the grain boundaries via diffusion.  This could potentially decrease the grain 
boundary surface energy.  The nucleation of cavities at the grain boundary is a 
function of the local tensile stress, σn, as follows 
r
s
n


2
       [9] 
where r is the radius of curvature and γs is the surface energy of the grain boundary.  
The formation of a cavity requires that σn is greater than 2 γs /r and so a significant 
decrease in the surface energy promotes the formation of cavities on the grain 
boundaries.
34,37
   
The oxygen ahead of the crack tip can also react with intergranular precipitates 
as well as any segregated impurities.  These reactions may result in the release of 
gaseous species which create cavities.  For instance, internal oxidation of carbides in a 
nickel based superalloy could follow the reaction
38
 
Cr23C6 + 3O2 → 23Cr + 6CO   [10] 
The end result of this reaction is the production of gaseous CO which can produce 
cavities and cracks and cause the material to swell and ultimately fracture.  It is 
important to note that the oxide layer that forms on the surface of the material prevents 
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a significant amount of diffusion of oxygen to the grain boundaries.  The fracturing of 
the scale as a result of fatigue stresses is necessary in order for oxygen to diffuse to the 
grain boundaries and allow this mechanism to be active.
34
    
The reactions of oxygen with precipitates may also adversely affect the 
bonding between the precipitates and the matrix material.  The stress necessary to 
create a cavity is a function of the bonding between the precipitate and the matrix.  
Typically, the interface between the oxides/sulfides and the matrix is not as strong as 
the interface of the original carbides.  This mechanism is shown in Figure 20 where 
the oxygen diffuses along the grain boundary to the precipitate and forms a layer of 
oxide.  This oxide then leads to cavitation and increased corrosion fatigue rates.
38
 
Corrosion fatigue research was conducted on the high temperature low cycle 
fatigue of Incoloy 800 H at 920°C in both air and flue gas (76.9%N2, 1.0% O2, 14.0% 
CO2, 0.1% SO2, and 8.0% H20).  The fatigue tests were conducted in tension-
compression tests were the strain was controlled.  The strain ranged from 0.2 to 0.4% 
and hold times between tension and compression were 30 minutes.  The results of the 
test showed that Incoloy 800 H had a significantly lower fatigue life in flue gas than in 
air.  The reason for this is attributed to the corrosive environment.  Analysis of the 
samples revealed the presence of Cr2O3 on the surface of the sample.  Fatigue cracks 
were found to be heavily oxidized and sulfur was enriched at the oxide/metal front 
ahead of the crack tip and along the crack path.  Figure 21 shows the proposed 
mechanism for the corrosion fatigue of this material.
39
  A protective Cr rich scale 
forms at the surface of the sample and in the newly formed fatigue crack.  Additional 
cyclic loading results in fatigue crack growth and repeated cracking of the oxide scale.  
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The cracks in the scale are healed until Cr becomes depleted at the material surface.  
As a result, nonprotective oxides such as Ni and Fe rich oxides begin to form within 
the crack, which rapidly consume the available oxygen.  As oxygen is consumed and 
the O2 partial pressure decreases, sulfur begins to become enriched as follows 
SO2 → S2 + O2     [11] 
During subsequent cracking, the fresh material that is now exposed to the sulfur 
enriched undergoes sulfidation.  The sulfur attack at the crack tip reduces the 
adherence of the oxide scale already within the crack which exacerbates the problem 
even further.  This results in an increased intergranular crack growth rate and a 
decreased fatigue life.
39
  
Corrosion Fatigue of Weld Overlay Coatings 
A significant amount of work has been done on the corrosion fatigue of low 
alloy steels for use in coal fired power plants.  However, little work has been done on 
the corrosion fatigue of the weld overlay coatings that are now being used to provide 
the necessary corrosion resistance.  Research conducted by Luer et. al
40
 investigated 
the corrosion fatigue of alloy 625 weld overlay coatings in a low NOx boiler of a 
pulverized coal power plant.  The weld overlay coatings of 625 were fabricated on 
waterwall tubes that were then field tested.  After two years of service some of the 
weld overlay coatings exhibited severe circumferential cracking as a result of 
corrosion fatigue.  Figure 22 shows the circumferential cracking that was observed in 
the weld overlay panel.  Figure 23 shows cracks in the early stages of propagation 
while Figure 24 shows cracks that are in more advanced stages of corrosion fatigue.  
Further examination of the cracks revealed the presence of a “primary” phase and a 
  
33 
 
narrow “secondary” phase that ranged from the outer surface to the crack tip.  Figure 
25 shows the “primary” and “secondary” phases.  For embryonic cracks, the 
“primary” phase was shown to consist of O, Cr, and S with small amounts of Mo, Fe, 
Nb, and Ni.  More mature cracks were found to be similar except S was not present in 
large quantities.  As such, the corrosion scale was determined to be a type of Cr oxide 
for the mature cracks and a Cr oxide/sulfide in the case of the embryonic cracks.  The 
secondary phase was found to contain O, S, Ni, Mo, and Cr, indicating the presence of 
a Ni sulfide or sulfide/oxide.
40
     
These cracks were found to be similar to corrosion fatigue cracks of low alloy 
steel boiler tubes.  It is important to note however, that while the crack morphology is 
the same, the corrosion fatigue crack initiation and propagation appeared to be 
different.  Cracking in low alloy steels initiated at preferentially corroded grain 
boundaries and propagated transgranularly through the material.  In the alloy 625 weld 
overlay coatings, the cracks initiated at the preferentially corroded dendrite cores, see 
Figure 23.
40
  Past research
41
 has shown that 625 experiences microsegregation during 
the weld solidification process.  This results in the dendrite cores being depleted in Mo 
and Nb, and enriched in Fe, Ni, and Cr.  Since the sulfidation kinetics of Mo are 
significantly slower than Fe, Ni, and Cr, the depletion of the dendrite cores in Mo and 
Nb and the enrichment in Fe, Ni, and Cr resulted in preferential corrosive attack.
40
  
A mechanism for corrosion fatigue of these weld overlay coatings was 
proposed and is illustrated schematically in Figure 26.
40
  During time t1 to t4, the alloy 
625 experienced preferential corrosion at the dendrite cores as a result of the 
microsegregation.  Additionally, a two layer scale formed on the surface of the 
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sample.  After time t5, the two layer scale cracked as a result of the thermal stresses 
imposed on the weld overlay coating.  The crack initiated at the valley of a weld ripple 
because the weld ripple acted as a stress concentration.  This exposed new base metal 
at the crack tip and the internal corrosion scale to the atmospheric conditions.  Given 
that the outer layer of the two layer scale was in equilibrium with the gaseous 
environment, the internal scale also formed this same type of scale in the newly 
formed crack.  Once the crack closed, the “secondary” layer that formed on both sides 
of the crack merged to form the spine that is observed at time t6.
40
 
Corrosion Fatigue Testing 
As has been discussed previously, the conditions of the coal fired boilers lead 
to corrosion fatigue of the waterwall tubes.  Currently, there has been a significant 
amount of work conducted on understanding sulfidation.  In addition, there has been 
research conducted on how sulfidation develops on the waterwall tubes.  However, 
there is a need to understand the effects of sulfidation on the fatigue behavior of Ni-
based alloys.  As such, it is important to understand the current methods of corrosion 
fatigue testing. 
In laboratory corrosion fatigue tests, there are two main types of testing.  The 
first type of testing is referred to as cycles to failure tests.  The material is subjected to 
the number of stress cycles necessary to initiate and propagate cracks to the point of 
complete fracture.  A large percentage of the fatigue test is spent on crack initiation.  
This testing has its drawbacks however, as it is difficult to distinguish between crack 
initiation and propagation.  The other type of fatigue testing is crack propagation tests.  
Fracture mechanics is used to determine the crack growth rates of preexisting cracks 
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under fatigue conditions.  The preexisting cracks serve to eliminate the crack initiation 
stage of corrosion fatigue.
42
  Typical test methods for corrosion fatigue include axial 
loading, plane bending, rotating beam bending, and alternating torsion.
43
 However, 
most laboratory fatigue testing is done with either axial loading or bending.   
Variables effecting corrosion fatigue  
Most laboratory fatigue testing involves the cycling of stress between a 
maximum and minimum tensile or compressive stress.  The stress that is applied to the 
sample can be described by several different terms.  The first is the mean stress (Sm) 
which is the average stress in one fatigue cycle.  The range of stress (Sr) is the 
difference between the minimum and maximum stress in one fatigue cycle and the 
stress amplitude (Sa) is half the stress range.  During most fatigue tests, the stress cycle 
is constant so that the applied stress is equal to Sm ± Sa.  There is also the stress ratio 
which is the ratio of two specified stresses in a fatigue cycle.  Typically stress ratio is 
given as either A or R.  A is the ratio of Sa to Sm and R is the ratio of the minimum 
stress to the maximum stress.
42
 
In corrosion fatigue, there are several factors which may influence the behavior 
of the material in addition to the well-known factors of magnitude of applied stress 
and the number of cycles.  They include the stress cycle frequency, stress waveform, 
stress amplitude, stress ratio, stress intensity range, environment and alloy 
composition, and temperature.  It should be noted that while some of these factors 
(such as temperature) will almost always have the same effect, many of these variables 
are dependent on the material/environment system.  Thus, it is difficult to predict the 
effect each of these variables may have on a given system.  Generally, the fatigue 
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strength or fatigue life decreases in the presence of a corrosive environment.  The 
extent to which the material will be adversely affected varies widely and depends on 
the interaction between the environment and the material.  The Sr required to cause 
failure usually decreases as the time or the number of cycles increases.  The corrosive 
environment typically reduces the crack initiation time due to localized attack of the 
alloy surface.  This creates stress concentrations that act as crack initiation sites.  
Figure 27 demonstrates the effect of these stress concentrations on the fatigue 
endurance for plain and notched specimens of 13% Cr ferritic steel.  The corrosive 
environment has a large effect on the plain specimens and a relatively small effect on 
the notched specimens.
42
 
Frequency has a significant effect on the corrosion fatigue strength of a 
material.  In fact, frequency is often the most dominant factor that influences corrosion 
fatigue behavior.  The fatigue strength usually decreases as frequency decreases 
because a reduction in frequency corresponds to more time between fatigue cycles.  
This allows the environment to have a greater interaction with the material.  This is 
important because corrosion is dependent upon the diffusion of ions through the 
corrosion scale.  At higher frequencies the effect of the environment is greatly reduced 
or even eliminated as the environment no longer has enough time to interact with the 
material.  Figure 28
44
 shows the effect of frequency on the corrosion fatigue crack 
growth rate in 4340 steel exposed to water.  Figure 29
42
 shows that decreasing the 
frequency can only increase the crack growth rate so much.
28,42
 
As discussed previously, fracture mechanics is often applied to corrosion 
fatigue testing where ΔK is related to the crack growth by equation 8.  As expected, 
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corrosion fatigue crack growth increases with increased stress intensity, but the extent 
of the increase varies based on the alloy/environment system.  The increase in the 
fatigue crack growth rate observed in inert environments is not necessarily the same in 
aggressive environments (i.e. the curve does not simply shift upward).  Figure 30 
shows schematically how the crack growth rates change with environment for high 
strength steels in 3.5% NaCl solutions.
45
  The fatigue crack growth rate is shown as a 
function of the stress intensity factor.  The material is susceptible to corrosion fatigue 
as a result of the presence of an aggressive environment and the effects of corrosion 
and fatigue work synergistically to increase the fatigue crack growth rate.  However, it 
is difficult to predict exactly how strong of an affect the environment will have 
because the corrosion fatigue behavior changes with environment/material systems.  
For instance, in this case the environment causes the fatigue crack growth rate to 
increase more significantly at lower ΔK values and is negligible at very high ΔK 
values.
45
  Figure 28 shows a similar plot for 4340 steel exposed to distilled water and 
argon at 23°C.
44
  The curves shift drastically upward with the change from argon to 
distilled water and the shape of the curve (i.e. the response of the material to the 
environment) is distinctly different.  The growth rate is increase across the entire range 
of ΔK values, unlike the high strength steels.  Clearly, it is hard to predict exactly how 
ΔK will change with environment.42   
The environment can also affect the number of fatigue cycles that can occur at 
a given stress amplitude before failure.  It serves to decrease the fatigue life at a given 
stress level.  If the environment is aggressive enough, it may even eliminate the stress 
amplitude threshold altogether.  Figure 31
43
 shows an example of this for a 0.18% 
  
38 
 
carbon steel in deaerated 3% NaCl solution and when exposed to 2% O2, air, and O2 at 
25°C.  The fatigue live of the steel is decreased in the presence of dissolved O2.  The 
damage of the combined effects of corrosion and fatigue is severe enough to eliminate 
the corrosion fatigue limit that is normally observed in this material.  Obviously, the 
more aggressive the environment, the more likely this is to occur.
46
  As for 
temperature, generally the corrosion fatigue crack growth rates increase with 
increasing temperature.  This is due to the fact that increasing temperature increases 
diffusion and more importantly corrosion rates.  This in turn enhances fatigue crack 
growth rates.
 
Corrosion fatigue can also be affected by the waveform of cyclic loading.  
Figure 32 shows an example of this for fatigue crack growth rates for 15Ni-5Cr-3Mo 
steel in 3% NaCl solution.
42
  The corrosion fatigue crack growth rates for square and 
negative sawtooth waveforms are identical.  These two waveforms have very short 
periods where the load is increasing.  However, the waveforms that require a longer 
period of increasing load have higher fatigue crack growth rates, indicating that in this 
system, the environment has a strong effect on the fatigue response when the load is 
being applied.
47
  Stress ratio also has an effect of corrosion fatigue behavior.  The 
corrosion fatigue crack growth rate generally increases as the stress ratio increases.  
Figure 33 shows the effect of R on crack growth rate for carbon steels exposed to high 
purity water at 288°C.  Increased R values can lead to increased crack tip strain and 
strain rate as well as enhanced film rupture which results in the increased corrosion 
fatigue crack growth rates.
42
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Corrosive environments do not always increase the corrosion fatigue crack 
growth rate.  Crack closure and crack blunting effects can impede corrosion fatigue 
crack growth rates.
43
  If there is premature contact between crack surfaces during the 
unloading portion of the fatigue cycle, the crack displacement range is reduced.  This 
reduces the effective crack tip driving force and the crack growth rate is reduced.  
Crack closure can be caused by a variety of situations.  Two of the most notable crack 
closure situations are rough, intergranular crack surfaces and dense corrosion products 
within the fatigue crack.  In the case of rough, intergranular crack surfaces (typical for 
materials that experience environmental embrittlement) surface interactions and load 
transfer reduce the crack displacement.  Dense corrosion products within the fatigue 
crack impede the crack from closing and thus reduce the crack displacement.  Figure 
34 shows an example of this in ASTM A 471 steel exposed to moist air and steam at 
100°C.  Crack growth is reduced in steam because of the greater crack surface 
oxidization which causes significant crack closure.
42
  As for crack blunting, it results 
from corrosion of the sides of the crack and cause them to be insufficiently passive.  
When this happens, the crack tip does not remain sharp which reduces the growth 
rate.
43
 
Corrosion fatigue testing methods 
Only a few standardized procedures exist for corrosion fatigue testing of 
materials because most of the equipment used for corrosion fatigue testing is custom 
built.
42
  There are standardized methods for general fatigue testing but they generally 
do not cover the numerous complications involved with the corrosion aspect of 
corrosion fatigue.
43
  For most corrosion fatigue testing, the experimental techniques, 
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equipment, and specimen configurations are the same as those used in general fatigue 
testing.  The effects of environment on the sample are introduced by immersing the 
sample in a controlled solution, or enclosing it in a chamber and flowing in a specified 
gas.  The majority of tests are conducted under uniaxial or bending conditions but as 
mentioned previously, there are a variety of other more complex tests that are 
sometimes used.
28
 
The simplest fatigue testing machine is the rotating bend test.  Figure 35 shows 
an example of a rotating-beam fatigue machine.
28
  The loading of the rotating beam 
specimen produces a constant moment in the specimen and a fully reversed sinusoidal 
stress pattern.  Rotating beam test specimens are usually hour glass shaped but can 
also be cylindrical.  Rotating beam tests can also be configured as cantilever beam 
tests.  While rotating beam tests are simple and reliable, they are only able to test 
round specimens and Sm is always zero.  Figure 36 shows an example of a rotating 
bend test that has been modified for corrosion fatigue testing.
28
 
Cantilever beam tests and 3 point and 4 point bend tests are also common 
forms of fatigue testing.  Typically, the load is applied mechanically to the sample 
using fixed displacement loading such as a rotating adjustable cam and crank.  The 
load can also be applied by more advanced equipment such as an electrohydraulic 
system.  The advantage of using more sophisticated equipment is the level of control 
provided over the load which prevents issues such as the load decreasing as cracking 
occurs.  These beam testing setups are not restricted to circular cross-sections and so 
rectangular cross sections are often used.  Sometimes, the specimens are tapered along 
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the length to produce a constant stress test region.  Different degrees of bending can 
also be applied to the sample to generate different Sm.
28
 
Uniaxial tensile specimens are used in a wide variety of corrosion fatigue 
applications.  The advantage of using uniaxial tension is that the test samples can have 
a variety of different cross-sectional shapes, although circular and rectangular cross-
sections are typical.  Uniaxial loading is also advantageous because different values of 
Sm can be obtained and it is simple to determine and measure the stress and strain.  
Many different types of systems can be used to achieve uniaxial loading but the most 
common type is electrohydraulic.  One of the important advantages of this type of 
equipment is that any waveform of stress can be applied to the sample to simulate 
actual service conditions.  Figure 37 shows an example of a uniaxial tensile testing 
machine that has been modified for corrosion fatigue.
28
 
In should be emphasized that with all of these different tests, the results of the 
test need to be carefully characterized.  Often times, this involves measuring the crack 
length to determine crack growth rates.  The two main techniques used to measure 
crack length are the electrical potential drop technique and the compliance method.  
Visual methods are also possible however they are usually not very practical.  The 
potential drop method involves reversing direct current.  It measures the change in 
potential across the sample as the crack grows.  The current is reversed between 
readings to eliminate a variety of effects including thermoelectric and amplifier 
effects.  The compliance method uses the relationship between the crack mouth 
opening displacement (v) and load (p) given as C = v/p, where C is the compliance.  
The compliance can then be related to crack size by  
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BEC = f(a/w)      [12] 
where B is the thickness, E is the elastic modulus, C is the compliance, a is the crack 
length and W is the specimen width.  Typically, the crack mouth opening is measured 
by a strain gauge.
43
  The problem with both of these methods however, is that they 
often have difficulty working in corrosive environments for a variety of reasons.  In 
addition, these methods are designed for corrosion fatigue crack growth tests, where a 
crack is deliberately placed into the sample and controlled.  These methods do not 
work for cycles to failure tests. 
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Table 1: Test conditions designed to simulate the daily load cycles of coal fired power plants. 
 
 
Table 2: The results of a corrosion test where a low alloy steel, T2, was exposed to a representative reducing 
flue gas for 600hrs. 
 
Table 3: The results of a corrosion test where a low alloy steel, T2, was exposed to an alternating oxidizing 
and reducing conditions for 600hrs. 
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Table 4: Corrosion testing results used to determine the gaseous corrosive species that formed due to the 
presence of a FeS deposit.  Air containing 6% H2O was flowed through the reaction chamber containing a 
low alloy steel and a 60% FeS mixture.   
 
 
Table 5: Corrosion testing results used to determine the gaseous corrosive species that formed due to the 
presence of a FeS deposit.  A significantly more reducing gas was flowed through the reaction chamber 
containing a low alloy steel and a 60% FeS mixture. 
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Table 6: The electronegativity, solid solubility and intermetallic melting temperature for several different 
elements in Ni. 
 
Table 7: Gaseous environments used to test Inconel 718 under corrosion fatigue conditions of 650°C with a 
sinusoidal waveform and frequency of 0.1 Hz. 
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Figure 1: The effect of ash components on the corrosion rate of T2 steel under reducing conditions. 
 
Figure 2: The corrosion loss of T2 steel when exposed to FeS deposits as a function of oxygen and CO 
content at 450°C. 
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Figure 3: The temperature dependence of the oxidation rates and sulfidation rates of several metals. 
 
Figure 4: Nonstoichiometry in several metal sulfides and oxides as a function of temperature. 
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Figure 5: Chemical diffusion coefficients for several metal sulfides and oxides. 
 
Figure 6: Cross-sections of oxide and sulfide on Co and Ni.  Inert markers where placed at the surface prior 
to corrosion testing. 
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Figure 7: A schematic of the dissociative mechanism which leads to the formation of voids at the scale/metal 
interface. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8:  Several different types of crack initiation mechanisms.  (a) coarse slip steps adjacent to a grain 
boundary (b) extrusion and intrusion pair (c) coarse slip within a PSB 
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Figure 9: A schematic illustration of how intrusions form.  First, a subgrain forms in the soft bands (a) and 
then an intrusion develops under the presence of tensile stresses (b). 
 
 
Figure 10: Proposed mechanism where the high oxygen concentration in the slip bands impedes crack 
rewelding and promotes microcrack formation. 
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Figure 11: The proposed mechanism where an oxide film on the surface of an alloy hinders the movement of 
dislocations and promotes the formation of cavities and voids. 
 
 
Figure 12: Schematic illustrating the dislocation in a material at location A and the image B. 
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Figure 13: Variation of fatigue crack growth rates as a function of stress intensity range. 
 
Figure 14:  The three types of corrosion fatigue behavior.  (a) Type A behavior, (b) Type B behavior, (c) 
Type C behavior. 
 
 
 
Figure 15: The different processes that take place during corrosion fatigue crack growth include (1) supply 
of reactants to crack tip, (2) chemical reaction with newly exposed metal, (3) adsorption of deleterious 
species, (4) diffusion of species to plastic zone, (5) removal of reacted products.  
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Figure 16: The proposed corrosion fatigue crack propagation involves the cyclic hardening of the plastic 
zone ahead of the crack tip.  The crack experiences repeated blunting and sharpening by shearing on slip 
planes. 
  
Figure 17: Fatigue crack growth rates in helium and air (left) and in helium, He-0.5%H2S and He-5%SO2. 
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Figure 18: Schematic illustration of three mechanisms of corrosion fatigue in Ni-based alloys. 
 
Figure 19: Schematic illustration of the corrosion fatigue mechanism that involves cracking opening and the 
subsequent advance of the crack tip past the sulfides that form at the crack tip. 
 
Figure 20: Schematic of the attack of the precipitate-matrix bonds by oxygen which leads to the formation of 
cracks ahead of the crack tip. 
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Figure 21: Corrosion fatigue crack growth for Incoloy 800H in air and flue gas.  Column A is a schematic of 
the crack process.  Column B is the concentration profile of the critical alloying element in the materials at 
the crack edge.  Column C and D are the stability diagrams for the formation of oxides and sulfides at the 
crack tip in flue gas (C) and air (D). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 22: Circumferential cracking of alloy 625 weld overlay that was exposed to corrosive conditions in a 
low NOx boiler. 
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Figure 23: The beginning stages of corrosion fatigue in the 625 weld overlay which shows the preferential 
corrosive attack of the dendrite cores.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24: Cross-sectional micrograph of advanced corrosion fatigue in the alloy 625 weld overlay coating. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25: One of the circumferential cracks of the 625 weld overlay which consists of a “primary” phase 
and a narrow spine of “secondary” phase which traverses from the outer surface to the crack tip. 
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Figure 26: Schematic of the corrosion fatigue mechanism for the alloy 625 weld overlay exposed to corrosive 
conditions within a low NOx boiler. 
 
Figure 27: Corrosion fatigue data for 13% Cr steel samples that were tested under rotating beam conditions.  
(a) smooth specimens (b) notched specimens. 
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Figure 28: The effect of frequency on the corrosion fatigue growth of 4340 steel in distilled water at 23°C. 
 
Figure 29: The effect of frequency on the corrosion fatigue crack growth of alloy steels in aqueous chloride 
solution. 
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Figure 30: Schematic representation of how the crack growth rate as a function of stress intensity range can 
change with environment. 
 
Figure 31: Stress amplitude as a function of cycles to failure for corrosion fatigue of 0.18% C steel in NaCl. 
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Figure 32: Effect of waveform on the corrosion fatigue crack growth rates of 15Ni-5Cr-3Mo steel in 3% 
NaCl solution. 
 
Figure 33: The effect of stress ratio, R, on the corrosion fatigue behavior of ASTM 533 B and A 508 carbon 
steels in high purity water at 288°C. 
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Figure 34: Corrosion fatigue crack growth rate as a function of stress intensity range for ASTM A 471 steel 
in moist air and steam at 100°C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 35: Schematic representation of a typical rotating beam fatigue machine. 
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Figure 36: Rotating beam specimen with a test chamber that is used to contain corrosive environments. 
 
Figure 37: Example of a uniaxial fatigue testing machine that has been modified to contain an aggressive 
environment. 
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Chapter 2: A New Method for Corrosion Fatigue Testing of 
Waterwall Coatings 
Abstract 
The use of low nitrous oxide (NOx) boilers in coal fired power plants has 
resulted in corrosive combustion conditions which have led to a reduction in the 
service lifetime of waterwall tubes.  As a solution, Ni-based weld overlay claddings 
are being used to provide the necessary corrosion resistance.  However, they are often 
susceptible to premature failure due to corrosion fatigue cracking.  In order to mitigate 
the cracking problem, significant research efforts are needed to develop a fundamental 
understanding of the corrosion fatigue behavior of Ni-based claddings.  In this work, 
an experimental method was developed to characterize the corrosion fatigue behavior 
of weld overlay claddings.  A Gleeble thermo-mechanical simulator was adapted to 
permit the exposure of samples to a simulated corrosive combustion gas at a constant 
elevated temperature while applying a controlled cyclic stress.  The results 
demonstrate that this experimental method can be used to accurately simulate the 
corrosion fatigue mechanism of weld overlay claddings that has been observed in 
service.  The implementation of this experimental method will allow for a better 
understanding of the corrosion fatigue behavior of waterwall claddings in combustion 
environments and provide a tool for optimizing the corrosion fatigue resistance. 
Introduction 
Environment regulations have required coal fired power plants to reduce the 
amount of NOx emissions produced by the coal combustion process.  This has 
prompted the use of low NOx boilers which utilize a stage combustion process to 
create reducing conditions within the boiler.
1, 2
  The previously oxidizing atmosphere 
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allowed for the formation of protective metal oxides on the surface of the low alloy 
steel waterwall tubes.
2, 3
  The switch to low NOx conditions has resulted in severe 
wastage due to the highly corrosive sulfidizing gases in the boiler environment.  This 
has significantly shortened the lifetimes of the waterwall tubes.
1, 2
  Ni-based weld 
overlays are used to alleviate this issue.  However, they are often susceptible to 
premature failure due to corrosion fatigue cracking.
4-6
   The cracking eventually leads 
to the failure of the waterwall tubes and requires forced outages to make the necessary 
repairs.  Significant research efforts are needed to understand the root causes of 
corrosion fatigue cracking and to develop a comprehensive solution.   
New materials also need to be developed to meet the design criteria for the 
next generation of coal fired power plants.  Given the need for coal fired power plants 
to help meet the ever increasing need for energy
7
, the Department of Energy is seeking 
to develop advanced combustion techniques that are more efficient.  This requires 
ultra-super critical power plants with higher temperature and pressure steam 
conditions (~760°C and 35MPa) than the current technology employed by subcritical 
(below 535°C and 21 MPa) or super-critical (535-565°C and greater than 21 MPa) 
power plants.
7
 An important step in the development of these new materials is 
establishing a fundamental understanding of the corrosion fatigue behavior of the Ni-
based alloys currently in use. 
Current Ni-based weld overlays are susceptible to corrosion fatigue cracking 
because of the corrosive environment and the thermal stresses that develop during 
service.  The thermal stresses arise from operational variables such as startup, 
shutdown, and load changes within the boiler.  Additionally, corrosive deposits build 
  
68 
 
up on the waterwall tubes that insulate the tubes from the radiant heat generated by the 
coal combustion.  This lowers the outer surface temperature.  Over time, these 
deposits either undergo natural spallation or are removed by sootblowing operations.  
When the deposits are removed, the boiler tubes experience a rapid increase in 
temperature until the corrosive deposits build up again and the cycle repeats itself.
5, 6
  
Smith et al.
8
 demonstrated that sharp increases in the outer surface temperature 
produce severe thermal gradients through the thickness of the tubes.  The constraint 
from the cooler inner tube material results in compressive yielding at the surface.  
Differences in coefficient of thermal expansion between the weld overlay and the steel 
substrate can exacerbate this issue.  As the waterwall tubes cool, residual tensile 
stresses develop in the outer portions of the tubes, causing significant yielding.  This 
leads to corrosion fatigue crack initiation and propagation.  
Research by Luer et al.
5
 qualitatively identified the corrosion fatigue 
mechanism of Ni-based weld overlays in low NOx combustion conditions.  The 
authors analyzed Alloy 625 weld overlays that were in service for less than two years.  
Figure 38 shows a schematic diagram of the corrosion fatigue mechanism.  The weld 
overlay exhibits a dendritic substructure with microsegregation across the dendrites.  
Key alloying elements, such as Mo and Nb, have been shown to be depleted at the 
dendrite cores.
5, 9, 10
  First, a layered multiphase corrosion scale develops on the 
surface of the weld overlay cladding (t1 – t4).  The mechanism of the corrosion scale 
development is not well understood.  However, the scale evolution and growth is 
controlled by the transport of metal cations and sulfur/oxygen anions through the 
scale.  Various factors such as the depletion of alloying elements at the metal/scale 
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interface and the inability of the corrodent species to diffuse rapidly through the scale 
influence the scale evolution.  If any of these factors significantly change the activity 
of the corrodent species or the metal cations within the scale, new sulfide/oxide layers 
can form.  In addition, the dendrite cores also preferentially corrode (t1 – t4) as a result 
of microsegregation.  The preferentially corroded dendrite cores then act as 
microscopic stress concentrators.  The valley of the weld ripples act as additional 
macroscopic stress concentrators.  Eventually, the corrosion scale cracks (t5) under the 
influence of cyclic thermal stress, which leads to further localized corrosion and crack 
propagation along the dendrite cores.  The continual opening of the corrosion fatigue 
crack exposes the crack surface and crack tip to the corrosive environment and a scale 
similar to the outer corrosion scale forms along the length of the crack (t6).   
While this mechanism qualitatively describes the corrosion fatigue cracking 
behavior in Ni-based weld overlays, there is a need to understand the corrosion fatigue 
behavior on a more fundamental basis.  In order to accomplish this, an experimental 
technique needs to be developed that accurately simulates the corrosion fatigue 
mechanism of weld overlays in service.  Typically, fatigue tests involve the use of 
standard specimens such as compact tension (C(T)) or single edge-notched (SEN) 
configurations.  These types of tests involve fatigue crack propagation using a single 
crack design.  While this type of approach offers the ability to measure propagation 
rates of isolated cracks, it is not entirely adequate for studying the corrosion fatigue 
behavior of weld overlays in combustion conditions for several reasons.  First, these 
approaches do not provide information on the corrosion fatigue crack initiation 
behavior of multiple cracks.  Since crack initiation can comprise a large portion of the 
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fatigue life, it is imperative that the crack initiation behavior be characterized.  
Additionally, single crack experiments do not take into account the effect of crack 
interactions on the crack propagation behavior.  Numerous circumferential cracks 
form on the surface of Ni-based weld overlays during service.
5, 6
   A series of cracks 
on the surface can alter the crack propagation behavior by reducing the stress intensity 
factors to a level well below that of a single isolated crack.
11, 12
  Therefore, in order to 
understand the corrosion fatigue resistance, the effects of crack interactions need to be 
considered.  This includes understanding the crack initiation behavior which affects 
the crack depths and distribution.  The multi-crack testing approach described in this 
work also allows the influence of microstructure on the crack initiation and 
propagation to be carefully studied.  In this case, the corrosion fatigue cracks are 
allowed to propagate through the microstructure under the combined conditions of 
environment, temperature, and cyclic stress.  Finally, standard specimen 
configurations do not provide insight into the effects of surface finish.  For example, 
the contribution of the macroscopic stress concentrations from the valley of the weld 
ripples is not well understood.  A testing technique that considers both the effects of 
preferential corrosive attack and surface finish is needed.  The experimentation in this 
work examined the inherent corrosion fatigue resistance of GMAW and laser weld 
overlay claddings by removing the surface finish.  Consequently, only the effects of 
preferential corrosive attack were studied.  Future experiments using this technique 
will be conducted to establish the effects of surface finish.  If various new alloys and 
claddings are to be evaluated for use on waterwall tubes, then a new experimental 
approach is needed that incorporates the effects of crack interactions, microstructure, 
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preferential corrosion, and surface finish into the understanding of crack initiation and 
propagation behavior.  Thus, the objective of this work is to develop a laboratory-
based corrosion fatigue testing technique that simulates the corrosion fatigue cracking 
mechanism observed in the field. 
Experimental Procedure 
The simulated combustion conditions require simultaneous application of a 
controlled temperature profile, a controlled stress profile, and a corrosive gaseous 
environment.  Figure 39 shows the experimental setup involving a Gleeble thermo-
mechanical simulator retrofitted with a retort.  A sample holder was designed and 
fabricated to clamp the samples into the Gleeble using a set of stainless steel grips.  
Figure 40 shows the sample holder, which is comprised of two 6.35 mm (0.25 in) 
diameter rods that are slotted at one end to allow the sample to be clamped and pinned 
into place.  This serves to prevent the sample from slipping out of the sample holder 
during testing.  It also provides good electrical contact between the sample holder and 
the sample, allowing the sample to be resistively heated.  Backing nuts are threaded 
onto the ends of the sample holder to keep the sample holder from slipping out of the 
grips.  A hydraulic ram and a load cell are used to apply and measure cyclic tensile 
forces via the sample holder. 
A retort was designed and fabricated to allow the application of simulated 
combustion gases.  Figure 39B shows the retort that seals to the sample holder and 
isolates the gas from the rest of the experimental equipment.  The gas circulates by 
two gas lines in the front of the retort.  A fitting in the back allows a thermocouple to 
pass through the retort and attach to the sample for temperature control by the Gleeble.  
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Cement is applied to the bottom of sample to protect the thermocouple from the 
corrosive environment and to ensure that only the top surface of the sample is 
exposed.  A load cell and V-block remove the weight of the retort from the sample to 
ensure that only tensile stresses are applied. 
The corrosion fatigue tests were performed on Alloy 622 GMAW and laser 
weld overlay claddings that were fabricated on T11 steel tubes.  The composition of 
Alloy 622 and T11 for both the GMAW and laser weld overlay claddings are shown in 
Table 8 and Table 9.  The steel substrate was removed from each sample.  The original 
weld overlay surface was also removed by grinding to a 240 grit surface finish in order 
to study the inherent cladding corrosion fatigue resistance.  The final sample 
dimensions were 7.62 cm (3 in) long by 0.64 cm (0.25 in) wide and approximately 
0.13 cm (0.05 in) thick.  The samples were resistively heated to a constant temperature 
of 600°C, which is a typical
13
 surface temperature of Ni-based claddings in service.  A 
representative
13-16
 sulfidizing gas of N2-10%CO-5%CO2-0.12%H2S was supplied at a 
rate of 125 mL/min.  Corrosion fatigue tests were conducted for 25, 50, 100, and 440 
cycles.  An alternating stress profile involving a minimum tensile stress of 0 MPa and 
a maximum tensile stress of 300 MPa was used.  The minimum and maximum stresses 
were alternated every five minutes (ten minute fatigue cycles).  Figure 41 shows an 
example of the temperature and stress profiles that were applied.  A maximum stress 
of 300 MPa was chosen because it is above the 200MPa yield strength of Alloy 622 at 
600°C.  This was done to simulate the residual tensile stresses that develop in the 
waterwall tubes that cause significant yielding.
8, 17
  Figure 41 also demonstrates the 
precise control that the Gleeble offers over the temperature and stress profiles.  While 
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it is recognized that the cyclic thermal stresses in the field are generated by changes in 
the surface temperature of the claddings
5, 6
, the corrosion fatigue tests were designed 
to apply a specific stress profile at a constant temperature.  Precise control of the 
cyclic stresses is critical in order to accurately study the corrosion fatigue mechanisms 
of various candidate alloys and claddings.  Tests were initially conducted with 
controlled thermal cycles with the Gleeble jaws locked in place as a means of inducing 
cyclic thermal stresses.  However, these tests produced uncontrollable and inconsistent 
stress profiles that appeared to be related to stress relaxation effects.   
After testing, the samples were mounted in cold-setting epoxy and ground and 
polished to examine three different longitudinal cross sections of each sample.  The 
grinding and polishing steps were carefully controlled so that sections that were 1.91 
mm (0.075 in), 2.54 mm (0.1 in), and 3.18 mm (0.125 in) from the edge of the sample 
could be examined.  This was done to ensure that the same regions were examined in 
each sample.  A consecutive series of light optical images were acquired and 
quantitative image analysis techniques were used to measure the depth of each crack.  
Some of the samples were electrolytically etched (10% oxalic acid and 90% water) for 
post-test evaluation by light optical microscopy.  
Results and Discussion 
The validity of the experimental approach was first examined by comparing 
the laboratory-induced cracking mechanism to the established mechanism from field 
samples.
5
  Figure 42A demonstrates the layered multiphasic scales that developed on 
the surface of the samples.  An embryonic corrosion fatigue crack is shown, which 
formed within the multilayered corrosion scale.  Figure 42B demonstrates the 
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initiation of a corrosion fatigue crack at a preferentially corroded dendrite core (the 
corrosion scale was removed by the etching process).  These results are consistent 
with the corrosion fatigue mechanism (t1-t5 in Figure 38).  Figure 43 illustrates that the 
mature corrosion fatigue cracks propagated down the main axis of the dendrite cores 
and exhibited a secondary or “spinal” phase along the length of the crack.  This is also 
consistent with the corrosion fatigue mechanism observed from examination of 
samples removed from the field (t6).  Figure 44 shows that the results produced by this 
technique match the results obtained from weld overlay claddings in service.  It should 
be noted that more corrosion is observed around the in-service corrosion fatigue 
cracks.  This difference is attributed to variations in the time scales between cracks 
induced in the laboratory test conditions and field conditions.  The cracks undoubtedly 
grew more slowly in service due to the reduced stress frequency.  As a result, there 
was more time for corrosion to occur around the crack during crack growth.    
Once the validity of the corrosion fatigue testing procedure was established, 
tests were conducted on Alloy 622 GMAW and laser weld overlay claddings.  Results 
are shown here to illustrate how this approach can be used to study and compare the 
corrosion resistance of various alloys and claddings (a comprehensive understanding 
of the corrosion fatigue behavior will be discussed in detail in a future paper).  Figure 
45 shows representative images of corrosion fatigue cracks in the GMAW weld 
overlay samples.  Figure 45A shows the presence of a small corrosion fatigue crack 
after 25 cycles.  This indicates that corrosion fatigue cracks initiated relatively quickly 
as a result of the accelerated test conditions.  Thus, the experimental approach was 
able to accurately reproduce the corrosion fatigue mechanism in a relatively short 
  
75 
 
amount of time.  Additionally, multiple corrosion fatigue cracks were apparent within 
each of the samples after 25 cycles, indicating that cracks continuously formed 
throughout the test.  The variation in the corrosion fatigue crack depths with 
increasing number of corrosion fatigue cycles further supports this conclusion.  Figure 
46 shows representative images of the laser weld overlay samples.  Corrosion fatigue 
cracks were not observed after 25 and 50 cycles, indicating an improved corrosion 
fatigue resistance.  Similar trends to the GMAW weld overlay were observed between 
the 100 cycle and 440 cycle samples. 
Figure 47 demonstrates how quantitative image analysis software was used to 
analyze the corrosion fatigue cracking behavior.  The software uses the differences in 
grayscale between the corrosion scale and the weld metal to determine the corrosion 
scale/weld metal interface.  The software then uses the differences in grayscale to 
identify the cracks and measures the depth of each crack.  Figure 48 shows an example 
of a histogram of the crack depth data for the GMAW 100 cycle sample.  The results 
quantitatively demonstrate the broad range of crack depths that were observed in each 
of the samples.  However, further analysis of the histogram reveals no additional 
information, which underscores the difficulty in using histograms to evaluate the 
corrosion fatigue cracking behavior and the need for a more rigorous statistical 
approach.  Figure 49A compares the average crack depth for the GMAW and laser 
weld overlay samples.  The average crack depth for both claddings increased with 
increasing number of fatigue cycles.  Cracks were not observed in the laser weld 
overlay samples at 25 and 50 cycles, indicating a slower crack initiation process and 
therefore an improvement in the corrosion fatigue resistance.  A large variance was 
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observed within the crack depth data, which is consistent with continuous nucleation 
and growth of corrosion fatigue cracks.  However, it provides a challenge in making 
detailed comparisons between the claddings, since the large variation in crack depths 
cause the data for each cladding to overlap.  A comparison of the average crack depths 
to the maximum crack depths shown in Figure 49B, illustrates that the difference 
between the maximum crack depth and the average crack depth increased significantly 
with increasing number of fatigue cycles.  This further illustrates that the average 
crack depth values are not adequate for characterizing the corrosion fatigue behavior.  
Thus, a more rigorous statistical approach is needed to quantitatively understand the 
differences in crack initiation and propagation behavior between these claddings.   
A two parameter Weibull analysis was used to analyze the cumulative 
distribution function (cdf) of the weld overlay crack depth data.  This statistical 
approach provides a graphical estimation of the cumulative distribution function, 
which describes the probability that a crack is less than or equal to a given crack 
depth.  The analysis determines if the cdf for a given data set can be described by the 
equation
18
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]    [13] 
where F(t) is the probability, t is the variable of interest (i.e. crack depth), α is 
the scale factor and β is the shape parameter.  The first step in performing the analysis 
was to order the crack depths in ascending order.  An index number was then assigned 
to each crack depth.  The probability plotting points were determined using the 
smallest mean square error.  The probability plotting points, pi, are given by the 
equation
18
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   (     )             [14] 
where n is the sample size and i is the index number.  Equation 13 can be rewritten as 
  [   (    )]     ( )     ( ) and the cumulative distribution function can be 
plotted as ln[-ln(1-pi)] vs. ln(t).  If the probability plotting points are linear, the 
cumulative distribution function is adequately expressed by equation 13.
18
   
As an example, Figure 50 and Figure 51 compare the results of the two 
parameter Weibull analysis for the GMAW and laser weld overlay samples at 100 and 
440 cycles.  The data was not linear, indicating that equation 13 did not correctly 
describe the cdf.  However, this technique still allowed for the cumulative distribution 
function to be analyzed and the results provided significant insight into the corrosion 
fatigue cracking behavior.  The crack depth curves for both claddings were fairly 
continuous and the slopes of the curves decreased from 100 cycles to 440 cycles.  This 
indicated a broad range of crack depths that arise from continuous crack initiation and 
propagation.  The probability that a crack is less than or equal to a given crack depth 
was higher in the laser weld overlay samples and therefore the cracks in the laser weld 
overlay tended to be smaller.  This is due in part to the slower crack initiation in the 
laser weld overlay and suggests an improved corrosion fatigue resistance.   
Figure 49B reveals that the maximum crack depth increased with increasing 
number of fatigue cycles for both weld overlay claddings.  Additionally, the maximum 
crack depths were smaller for the laser weld overlay samples.  These trends were also 
observed in the two parameter Weibull analysis results.  Since a deeper crack has a 
larger stress intensity factor
19
, these results suggest that the laser weld overlay 
cladding exhibits superior corrosion fatigue resistance.  Additional work is in progress 
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to understand the crack interactions since they can significantly alter the crack growth 
behavior.  The deepest crack may not necessarily be the critical crack that ultimately 
leads to failure.  It is well known that in a periodic array of edge cracks, the crack 
interactions serve to reduce the stress intensity factors at the crack tips to a level well 
below that of a single crack.
11
  This occurs because a series of edge cracks cause the 
material surrounding the cracks to become more complaint than in the bulk material.  
The extent in the reduction of the stress intensity factors is dependent upon the crack 
depth and crack spacing.
11, 12
  As a result, additional work is needed to identify the 
critical cracks that will lead to failure in these weld overlays.  An in-depth analysis of 
the crack interactions and their effect on the corrosion fatigue behavior will be 
addressed in a future paper.  Additionally, weld ripples may significantly alter the 
corrosion fatigue cracking behavior.  The inherent corrosion fatigue resistance of the 
claddings was analyzed in this work by preparation of machined surfaces, thus 
removing the surface weld ripples.  However, the weld ripples act as additional 
macroscopic stress concentrators that promotes corrosion fatigue crack initiation.  
Future experiments will evaluate the influence of surface finish on the corrosion 
fatigue resistance.  Nevertheless, the results demonstrate how the inherent corrosion 
fatigue behavior of Ni-based weld overlays can be quantitatively characterized using 
light optical microscopy, image analysis, and statistical analysis techniques. 
Conclusions 
A new technique was developed for corrosion fatigue testing of claddings used 
on waterwall tubes in coal fired boilers.  The results were evaluated to establish the 
validity of the experimental method.  The experimental procedure was successfully 
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used to accurately reproduce the corrosion fatigue mechanism.  The laboratory 
induced corrosion fatigue cracks propagated along the dendrite cores and exhibited a 
“spinal” phase similar to cracks observed in the field.  A few corrosion fatigue cracks 
were observed in the GMAW weld overlay as early as 25 cycles, indicating that the 
accelerated testing technique produced cracks in a short amount of time.  The 
corrosion fatigue cracking behavior of the weld overlays was complex and needed to 
be analyzed using a two parameter Weibull analysis.  Both types of claddings 
exhibited numerous cracks of various depths, indicating that corrosion fatigue crack 
initiation and propagation was continuous.  Cracks were not observed in the laser weld 
overlay after 25 and 50 cycles, indicating a slower crack initiation process.  The 
corrosion fatigue cracks also tended to be smaller in the laser weld overlay.  These 
results suggest that the laser weld overlay exhibits superior corrosion fatigue 
resistance.  Work is in progress to characterize the influence of crack interactions and 
surface finish on the corrosion fatigue crack initiation and propagation behavior. 
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Table 8: Chemical composition limits of the alloy 622 GMAW cladding and the T11 steel substrate.  All the 
values are given in weight percent.  
  622 T11 
C 0.010 0.090 
Co 0.06 0.01 
Cr 21.86 1.11 
Fe 4.95 Bal 
Mn 0.25 0.46 
Mo 13.85 0.50 
Ni Bal 0.03 
P ― 0.015 
S 0.001 <0.001 
Si 0.05 0.57 
W 3.16 ― 
Nb 0.01 ― 
Ti 0.02 ― 
Al 0.52 0.03 
Cu 0.03 0.02 
 
Table 9: Chemical composition limits of the alloy 622 laser weld overlay cladding and the T11 steel 
substrate.  All the values are given in weight percent. 
 
622 T11 
C 0.010 0.080 
Co 0.03 0.01 
Cr 24.48 1.19 
Fe 3.41 Bal 
Mn 0.21 0.50 
Mo 13.43 0.48 
Ni Bal 0.10 
P ― 0.007 
S 0.001 0.002 
Si 0.10 0.31 
W 3.00 ― 
Nb 0.01 ― 
Ti <0.01 ― 
Al 0.31 0.02 
Cu 0.01 0.18 
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Figure 38: A schematic representation of the corrosion fatigue mechanism for Ni-based weld overlays.  A 
multiphase corrosion scale forms on the surface of the weld overlay and the dendrite cores preferentially 
corrode.  After some amount of time, t5, the corrosion scale cracks under the cyclic tensile loads.  A 
secondary phase similar to the outer layer of the corrosion scale forms along the length of the crack.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 39: A) A corrosion fatigue sample that has been clamped into the grips of the Gleeble.  B) The retort 
that has been designed to seal around a corrosion fatigue sample and allow for the application of corrosive 
gas.   
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Figure 40: The sample holder that is used to clamp a corrosion fatigue sample into the grips of the Gleeble.  
The sample holder must provide good electrical contact for resistive heating and allow a tensile force to be 
applied by the hydraulic ram. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 41: Controlled temperature and stress profiles were applied to each of the corrosion fatigue samples. 
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Figure 42: A) Multilayer corrosion scale that develops under the simulated combustion conditions.  B) 
Corrosion fatigue cracks initiating at the alloy depleted dendrite cores.  (The etching process removed the 
corrosion scale on the surface of the sample)  
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Figure 43: A mature corrosion fatigue crack which propagated down a dendrite core.  A secondary phase 
was observed along the length of crack. 
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Figure 44: Corrosion fatigue cracks observed in an Alloy 625 weld overlay that was in service for less than 
two years.  A) Backscattered electron image B) Light optical micrograph   
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Figure 45: Corrosion fatigue cracks observed in the GMAW cladding after A) 25 B) 50 C) 100 and D) 440 cycles.  
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Figure 46: Representative cross-sectional images of the laser weld overlay cladding after A) 50 B) 100 and C) 440 cycles.  Cracks were not observed in the 50 
cycle laser weld overlay sample. 
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8
9
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Figure 47: A) Corrosion fatigue cracks in the 50 cycle GMAW weld overlay sample.  B) Image analysis 
software was used to identify each of the cracks and to measure the maximum depth of each crack. 
 
Figure 48: A histogram showing the crack depths measured for the GMAW 100 cycle sample. 
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Figure 49: A) Average crack depths and B) maximum crack depths for the GMAW and laser weld overlay 
samples.  
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Figure 50: Two parameter Weibull analysis of the 100 cycle weld overlay samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 51: Two parameter Weibull analysis of the 440 cycle weld overlay samples. 
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Chapter 3: The Corrosion Behavior of Alloy 622 Weld Overlay 
and Coextruded Claddings 
Abstract 
Ni-based weld overlay claddings are currently used to provide the necessary 
corrosion resistance for waterwall tubes in coal-fired power plants.  While they 
provide adequate corrosion resistance, they are susceptible to premature failure due to 
corrosion fatigue cracking.  In order to improve the corrosion fatigue resistance, the 
role of corrosion in the corrosion fatigue cracking mechanism needs to be considered.  
The high temperature sulfidation behavior of alloy 622 weld overlays and coextruded 
claddings was investigated using a Gleeble thermo-mechanical simulator retrofitted 
with a retort.  Multilayer corrosion scales developed on each of the claddings.  They 
consisted of inner and outer corrosion layers that formed by the outward diffusion of 
cations and the inward diffusion of sulfur and oxygen.  The outer layer developed into 
a Ni-Cr sulfide underneath a mixed layer of Ni sulfide.  The inner layer was a Cr-W-
Mo sulfide-oxide phase mixture.  The corrosion scales were remarkably similar.  
Therefore, any differences in the corrosion fatigue resistance of the claddings do not 
result from the corrosion mechanism. 
Introduction 
Environmental regulations have required a reduction in the amount of NOx 
emissions produced by coal fired power plants.  This is often accomplished by using 
low NOx boilers which delay the mixing of fuel and oxygen by using a staged 
combustion process.  This creates a reducing atmosphere in parts of the boiler and 
reduces the NOx emissions.
20, 21
  The previously oxidizing conditions within the boiler 
allowed protective metal oxides to form on the carbon or low alloy steel waterwall 
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tubes.
21, 22
  The implementation of reducing conditions has resulted in severe 
waterwall wastage.  Highly corrosive deposits such as ash and unburnt coal particles 
impact and adhere to the surface of the waterwall tubes.  Additionally, the sulfur 
compounds in the coal are often converted to highly corrosive H2S gas during the 
composition process.  The steel waterwall tubes are susceptible to severe corrosive 
attack and therefore have shorter lifetimes.
20, 21
  The current solution is to apply a 
more corrosion resistance weld overlay to the steel waterwall tubes.  Ni-based alloys 
are currently used for this purpose.
23, 24
  However, these alloys are susceptible to 
circumferential cracking due to corrosion fatigue.
23, 25, 26
  Waterwall tube failure and 
preventative maintenance often require boiler shutdowns for necessary repairs.  In 
order to alleviate these issues, a quantitative understanding of the corrosion fatigue 
behavior of Ni-based weld overlay claddings is required.   
New and improved claddings are also needed for the next generation of coal 
fired power plants.  The Department of Energy is seeking to develop more efficient 
coal combustion techniques to help meet increasing energy demands.  Advanced ultra-
super critical power plants will utilize higher steam temperatures and pressures 
(~760°C and 35MPa) to achieve higher efficiencies.
27
  However, the corrosion fatigue 
resistance of the current Ni-based alloys must first be understood.  Additionally, new 
cladding technologies that avoid the issues associated with corrosion fatigue cracking 
must be evaluated.  
In order to understand the corrosion fatigue of Ni-based alloys, the role of 
corrosion in the mechanism of corrosion fatigue needs to be elucidated.  While the 
problem of high temperature sulfidation has received considerably less attention than 
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high temperature oxidation
28, 29
, it is well established that the basic principles of 
sulfidation and oxidation are the same.
30-32
  Corrosion occurs by the sulfidation of the 
metal to form cations and electrons and the reduction of the sulfidizing species.  In 
order for the reaction to proceed, the cations, anions, and electrons must migrate 
through the scale.  Frenkel and Schottky defects contribute to the diffusion of ions 
through the corrosion scale.  However, they do not provide a mechanism for electron 
migration and therefore corrosion scales must have some deviation from 
stoichiometry.
32, 33
  Stoichiometry is the ratio of cations to anions within an ionic 
compound as described by its chemical formula.  A deviation from stoichiometry 
arises from point defects in the crystal that alter the ratio of cations to anions without 
disturbing the charge neutrality.  Corrosion scales tend to have either an excess of 
anion vacancies or cation vacancies.  Corrosion scales with anion vacancies maintain 
their charge neutrality by additional electrons within the lattice.  Additionally, 
substitutional ions of higher and lower valancy are often present.  The lower valency 
cations are compensated by additional anion vacancies.  The higher valency cations 
are compensated by extra electrons.
32, 33
  For corrosion scales with cation vacancies, 
the additional charge is balanced by substitutional ions of a higher valence.  The 
additional positive charge on the ions acts as an electron hole.  Again, substitutional 
ions with a different valance are often present.  These ions are compensated by 
additional cation vacancies or electron holes.
32, 33
  For most corrosion scales, the 
diffusion of the cations or anions through the scale is the rate limiting step as 
electronic conductivities tend to be several orders of magnitude greater.
32, 33
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While the basic principles of oxidation and sulfidation are the same, there are 
several important differences.
28-31, 34
  The rate of sulfidation is often many orders of 
magnitude greater than oxidation.  For instance, the sulfidation rate of pure Cr in 1 atm 
of S2 at 1000°C is 8.1 x 10
-7
 while the oxidation rate of Cr in 1 atm of O2  is 4.5 x 10
-
12
.
30
  Another difference between sulfidation and oxidation is the extent of deviation 
from stoichiometry.  Many sulfides such as Ni and Cr have larger deviations than their 
complimentary oxides.  Cr2O3 at 1000°C has a maximum deviation of 5x10
-5
 as 
compared to 3x10
-2
 for Cr2S3.
34
  Larger quantities of defects within the corrosion scale 
allow for higher diffusion rates of cations and anions through the scale.  On the other 
hand, some refractory metals such as Mo usually exhibit very low deviations from 
stoichiometry.  MoS2 has a maximum deviation from stoichiometry of 8x10
-5
 at 
1100°C, which is very similar to Cr oxide.
34
  This suggests that corrosion scales 
containing refractory elements like Mo are more protective in sulfidizing 
environments.  Finally, oxide scales tend to be more thermodynamically stable than 
sulfides.
31, 32
  Additionally, the difference in free energies of formation between 
different sulfides is usually less than it is between oxides.  Therefore, it is more 
difficult for an alloying element such as Cr to selectively sulfidize than it is to 
selectively oxidize.
31, 32
  It is apparent that alloys designed for high temperature 
oxidation resistance are not very resistant to high temperature sulfidation.   
Research by Douglass et. al
35, 36
 has demonstrated that the addition of Mo 
significantly improves the corrosion resistance of Ni-based alloys.  The authors 
evaluated the effect of Mo additions on the sulfidation resistance of Ni-Mo alloys at 
600°C and 0.01 atm PS2.  Five alloys were evaluated, including Ni, Ni-10wt%Mo, Ni-
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20wt%Mo, Ni-30wt%Mo, and Ni-40wt%Mo.  The parabolic rate constant decreased 
by four orders of magnitude as the Mo content was increased to 40 wt% Mo.  The 
corrosion scales that formed on the surface of the samples were multilayered.  The 
outer layer consisted of nickel sulfides, NiS and Ni3S2.  The inner layer was comprised 
of MoS2, a small amount of Ni3S2, and intermetallic Ni3Mo particles.  Marker studies 
demonstrated that the inner corrosion layer formed by the inward diffusion of sulfur 
and the outer layer developed by the outward diffusion of nickel.  The authors 
suggested that the NiS and MoS2 nucleated on the alloys and the NiS outgrew the 
MoS2 to form the outer layer.  The inner MoS2 layer then formed as a result of the 
outward diffusion of Ni which enriched the alloy near the scale/metal interface in Mo.  
The inward diffusion of sulfur caused the MoS2 layer to form underneath the nickel 
sulfide layer.  It should be noted that even though a MoS2 layer formed, it did not 
completely suppress the growth of the outer Ni layer.  Thus, the MoS2 layer did not 
prevent the outward diffusion of Ni. 
There are several metallurgical factors that cause Ni-based weld overlay 
claddings to be susceptible to corrosion fatigue.  Each of these factors is associated 
with the localized melting and re-solidification of the weld overlay process.  During 
solidification, critical alloying elements such as Mo segregate to the interdendritic 
regions by a process known as microsegregation.
9, 10, 26
  The alloy depleted dendrite 
cores experience preferential corrosive attack and act as microscopic stress 
concentrations.
26
  The addition of Fe from the steel substrate as a result of dilution 
decreases the overall alloy content.  The valleys of the weld ripples are additional 
stress concentrations that promote corrosion fatigue cracking.
26
  Finally, high residual 
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welding stresses also contribute to this problem.
26
  Given this factors, cladding 
technologies that avoid these issues offer the potential for significant improvements in 
corrosion fatigue resistance.  The solid state process of coextrusion provides a possible 
solution since it does not involve localized melting and re-solidification.  This ensures 
that the alloying elements are distributed more uniformly and therefore preferential 
corrosive attack is greatly reduced or even eliminated.  The effects of dilution are also 
eliminated because a metallurgical bond at the interface between the substrate and the 
cladding is created in the solid state.  The effects of surface finish are reduced as the 
coextrusion process produces a much smoother surface finish without the presence of 
weld ripples.  Finally, the heating and cooling cycles are less severe in the coextrusion 
process and the concomitant residual stresses are reduced.  Therefore, the objective of 
this research is to characterize the corrosion scale development on the Ni-based alloy 
coextruded and weld overlay claddings to understand the effects of corrosion scale 
development on the corrosion fatigue resistance. 
Experimental Procedure 
Weld overlay and coextruded alloy 622 claddings were fabricated on T11 steel 
tubes.  Table 10 shows the composition of each of the claddings and the steel 
substrates as determined by chemical analysis.  The weld overlays were produced 
using either gas metal arc welding (GMAW) or laser welding.  The GMAW weld 
overlays were prepared using a travel speed of 53 cm/min and a wire feed speed of 
1143 – 1168 cm/min.  The current varied between 205-225 amps and the voltage 
ranged between 22-23 volts.  The laser weld overlays were produced using an output 
power of 13.2 KW.  The travel speed was fixed at 25 cm/min and the metal powder 
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feed rate was 100 g/m.  The laser weld overlays were post weld heat treated at 677 -
732°C for 30 minutes.  The coextruded claddings were manufactured using an 
explosive welding process to form a billet with an outer layer of alloy 622 on T11 
steel.  The billet was heated to 1040°C and then coextruded.   
The weld overlay and coextruded claddings were evaluated using a novel 
corrosion fatigue testing technique.  A Gleeble thermo-mechanical simulator was 
retrofitted with a retort to allow the simultaneous application of a controlled 
temperature profile, a controlled stress profile, and a representative sulfidizing 
environment.  Additional details of the experimental setup are discussed in chapter 
two.  The steel substrate was removed from each of the samples prior to testing.  The 
weld overlay or coextruded cladding surface finish was removed from each sample by 
grinding.  A 240 grit surface finish was used.  The sample dimensions were 7.62 cm 
long by 0.64 cm wide and approximately 0.13 cm thick.  The experiments were 
conducted at a constant temperature of 600°C, which is representative
37
 of typical 
waterwall tube surface temperatures.  A simulated
13-16
 combustion gas of N2-10%CO-
5%CO2-0.12%H2S flowed into the retort at a rate of 125 mL/min.  An alternating 
stress profile was used with a minimum tensile stress of 0 MPa and a maximum tensile 
stress of 300 MPa.  The minimum and maximum stresses were alternated every five 
minutes (ten minute fatigue cycles).  The corrosion fatigue tests were conducted for 25 
and 440 cycles.   
The samples were mounted in cold-setting epoxy.  Longitudinal cross-sections 
were ground and polished to a 0.25 um diamond surface finish.  The corrosion scales 
that developed during these tests were analyzed using a Hitachi 4300 VP scanning 
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electron microscope at an accelerating voltage of 15kV.  Energy dispersive 
spectroscopy (EDS) and backscatter electron (BSE) techniques were used to analyze 
the different corrosion products.  Multiple EDS measurements of each of the different 
corrosion products were taken as well as EDS maps of the corrosion scales.  EDS line 
scans were performed across the dendritic substructure in the GMAW and laser weld 
overlay samples.  EDS measurements of the overall alloy composition were also 
obtained.  Semi-quantitative information was determined from the EDS measurements 
using EDAX Genesis software 
Results and Discussion 
Table 10 shows a comparison of the EDS semi-quantitative measurements of the weld 
overlay and coextruded claddings to the chemical analysis results.  Good agreement 
was observed between the EDS results and the chemical analysis.  This demonstrates 
that the semi-quantitative EDS measurements can be used to determine a fairly 
accurate assessment of the composition of the claddings and the corrosion scales.  
Figure 52 shows an EDS line scan across the dendritic substructure of the GMAW 
weld overlay.  Microsegregation was evident as the dendrite cores were depleted in 
Mo, with Mo concentrations as low as ~10wt% (the nominal composition is 13.9wt% 
Mo).  The dendrite cores were enriched in Ni, while the rest of the elements were 
fairly uniform.  Figure 53 shows an EDS line scan across the dendritic substructure of 
the laser weld overlay.  A microsegregation profile was also apparent.  The dendrite 
cores were depleted in Mo, as low as ~10wt% (nominal composition of 13.4wt%) and 
enriched in Ni.  The remaining alloying elements were fairly uniform.  These results 
illustrate that the extent of microsegregation in both the GMAW and laser weld 
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overlay claddings was essentially the same.  It should be noted that there are two areas 
in the laser weld overlay that were enriched in Mo up to ~25-30wt% (and depleted in 
Ni to ~30-35wt%).  These regions are associated with the Mo-rich secondary phase in 
the interdendritic regions.  As for the coextruded claddings, it was previously 
demonstrated
9
 that the alloying elements were uniformly distributed across an 
equiaxed grain structure. 
During solidification of Ni-based alloys, alloying elements such as Mo tend 
segregate to the liquid.  If these alloying elements are not able to diffuse back down 
the concentration gradient that forms during solidification, than a microsegregation 
profile will persist in the alloy.  The ability of an alloying element to back-diffuse is 
indicated by the α parameter which is defined as24 
  
    
  
      [15] 
where Ds is the diffusivity of the solute in the solid, tf is the solidification time, and L 
is half the dendrite arm spacing.  The numerator in equation 15 represents the distance 
an alloying element has to diffuse during solidification and L represents the length of 
the concentration gradient.  Therefore, when α ≈ 1 the alloying element is able to 
diffuse back down the concentration gradient.  The diffusivity of the solute can be 
calculated at the liquidus temperature using diffusivity data for alloying elements in 
Ni.  The solidification time can be determined by the equation 
   
  
 
      [16] 
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where ΔT is the solidification temperature range and ε is the cooling rate.  A typical 
value of 200°C can be used for ΔT.  The cooling rate can be related to dendrite arm 
spacing, λ,  via the equation24 
  
 
 
 
    
 
      [17] 
where A and n are material constants.  Typically, A=32 and n= 0.31 are good 
approximations for Ni-based alloys
24
.    Using these equations, the α parameter can be 
determined as a function of the cooling rate, as shown in Figure 54.  The α parameter 
is significantly less than one for most of the alloying elements in Ni under all possible 
cooling rate conditions.  As a result, the diffusion of alloying elements within the solid 
during solidification of Ni-based alloys is insignificant and a microsegregation profile 
will persist in the Ni-based weld overlays. 
The equilibrium partition coefficient describes the extent of segregation to the 
solid or liquid for an alloying element during solidification.  The equilibrium partition 
coefficient, k, is defined as
24
 
  
  
  
       [18] 
where Cs is the composition of the solid and Co is the nominal composition.  At the 
start of solidification, Cs is equivalent to the dendrite core composition, Ccore.  
Therefore, k is equal 
  
     
  
      [19] 
and can be determined for various alloying elements in Ni-based alloys to understand 
the solidification behavior.  The nominal composition of alloy 622 is given in Table 
15.  The dendrite core compositions for Mo in both the GMAW and laser weld overlay 
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claddings were ~10wt% Mo.  This corresponds to k values of 0.72 for the GMAW 
weld overlay and 0.74 for the laser weld overlay.  These results clearly demonstrate 
that the microsegregation in the GMAW and laser weld overlay samples is essentially 
the same. 
Figure 55 - Figure 57 show BSE images of the corrosion scale that formed on 
each of the claddings at 25 fatigue cycles.  Representative semi-quantitative EDS 
measurements of the different corrosion products are shown for ease of comparison.  
The corrosion scales were remarkably similar between the claddings.  An inner and 
outer layer was observed on all three claddings.  The outer layer consisted of three 
different corrosion products.  An Fe-Cr sulfide was underneath a Ni-Cr sulfide.  Ni 
sulfide was the outermost scale.  It should be noted that small amounts of either Fe, 
Ni, or Cr were observed in some of these scales.  Low amounts of these elements were 
assumed to be in solid solution.  The Ni-Cr sulfide and Ni sulfide scales were fairly 
continuous.  The Fe-Cr sulfide was a discontinuous scale and varying amounts were 
observed in each cladding.  The corrosion products in the outer layer of the GMAW 
weld overlay appeared to be slightly more mixed than in the other claddings.  Each of 
the outer layers also contained various pores and fissures. 
The inner corrosion layer in the GMAW and laser weld overlay samples 
consisted of regions that used to be the dendrite cores and interdendritic regions.  The 
“dendrite core” regions were a Cr-W-Mo sulfide-oxide phase mixture.  The 
“interdendritic regions” were similar with higher amounts of Mo and Ni.  It should be 
noted that the Mo Lα peak (2.293 keV) and the S Kα peak (2.306 keV) overlap and are 
difficult to distinguish with EDS.  However, the BSE images give a clear indication of 
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Mo-rich regions due to the Z contrast difference between Mo and the rest of the 
elements (except W).  Tungsten is similar to Mo in this regard and was easily 
identified within the EDS results.  It was determined that the W was uniformly 
distributed within the inner layer.  Therefore, the brighter regions within the BSE 
images are considered to be enriched in Mo.  This is further evidenced by the fact that 
the secondary phase in the interdendritic regions of the weld metal was also brighter.  
The EDS line scan in Figure 53 shows a clear enrichment in Mo where the secondary 
phase was present.  The inner layer on the coextruded cladding was a similar Cr-W-
Mo sulfide-oxide phase mixture to the “dendrite core” regions.  However, it was 
significantly thinner than on the weld overlays.  The corrosion product within the 
cracks of the GMAW and coextruded claddings was determined to be the same Cr-W-
Mo sulfide-oxide phase mixture.  Again, small concentrations of several elements (Fe, 
Ni, Cr, or Al) were observed in some of the scales and were assumed to be in solid 
solution. 
Figure 58 - Figure 60 show BSE images of the corrosion products that 
developed on the claddings at 440 cycles.  The corrosion scales were similar and 
consisted of two distinct layers.  The outer layer was a fairly continuous Ni-Cr sulfide 
scale beneath a mixed Ni sulfide scale.  The mixed Ni sulfide scale was comprised of 
regions of low Fe content (~1wt%) and slightly higher Fe content (~4wt%).  The 
corrosion products within the outer layer appeared to be more continuous in the laser 
weld overlay than the GMAW and coextruded claddings.  The coextruded cladding 
also exhibited a small amount of Fe-Cr sulfide near the interface between the Ni-Cr 
sulfide and Ni sulfide scale.  The outer layer contained pores and fissures. 
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The “dendrite core” regions within the inner layer of the GMAW and laser 
weld overlay samples were a Cr-W-Mo sulfide-oxide phase mixture.  The 
“interdendritic regions” were also enriched in Mo and Ni.  The coextruded cladding 
inner layer was very similar to the weld overlay claddings.  It consisted of a Cr-W-Mo 
sulfide-oxide phase mixture similar to the “dendrite core” regions.  A Mo-rich sulfide 
developed near the interface between the inner and outer layers.  The corrosion 
product within the corrosion fatigue cracks was also a Cr-W-Mo sulfide-oxide phase 
mixture.  The corrosion scale within the corrosion fatigue cracks matched the Cr-W-
Mo sulfide-oxide phase mixture.  A “spinal” phase was observed along the length of 
the cracks in each of the samples.  It consisted of a Cr sulfide with some regions that 
contained Fe and/or Ni. 
Analysis of the EDS maps on each of the samples revealed similar conclusions 
to the EDS measurements.  As an illustration, Figure 61 and Figure 62 provide an 
EDS map of the GMAW weld overlay sample that was tested for 440 cycles.  Ni-Cr 
sulfide and Ni sulfide was observed in the outer corrosion layer.  The Cr-W-Mo 
sulfide-oxide phase mixture was identified in the “dendrite core” regions of the inner 
layer.  The “interdendritic regions” were slightly enriched in Ni and there appeared to 
be a Mo-rich sulfide layer near the inner and outer layer interface.  Some regions of 
the spinal phase within the crack were also enriched in Fe.  
Research by Luer et al.
5
 qualitatively identified the corrosion fatigue 
mechanism of Ni-based weld overlays in low NOx combustion conditions.  The 
authors analyzed Alloy 625 weld overlays that were in service for less than two years.  
Figure 38 shows a schematic diagram of the corrosion fatigue mechanism.  The weld 
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overlay exhibits a dendritic substructure with microsegregation across the dendrites.  
Key alloying elements, such as Mo and Nb, have been shown to be depleted at the 
dendrite cores.
5, 9, 10
  First, a layered multiphase corrosion scale develops on the 
surface of the weld overlay cladding (t1 – t4).  The mechanism of the corrosion scale 
development is not well understood.  However, the scale evolution and growth is 
controlled by the transport of metal cations and sulfur/oxygen anions through the 
scale.  Various factors such as the depletion of alloying elements at the metal/scale 
interface and the inability of the corrodent species to diffuse rapidly through the scale 
influence the scale evolution.  If any of these factors significantly change the activity 
of the corrodent species or the metal cations within the scale, new sulfide/oxide layers 
can form.  In addition, the dendrite cores also preferentially corrode (t1 – t4) as a result 
of microsegregation.  The preferentially corroded dendrite cores then act as 
microscopic stress concentrators.  The valley of the weld ripples act as additional 
macroscopic stress concentrators.  Eventually, the corrosion scale cracks (t5) under the 
influence of cyclic thermal stress, which leads to further localized corrosion and crack 
propagation along the dendrite cores.  The continual opening of the corrosion fatigue 
crack exposes the crack surface and crack tip to the corrosive environment and a scale 
similar to the outer corrosion scale forms along the length of the crack (t6).   
In order to understand the development of the corrosion scales on each of the 
claddings, an analysis of the available thermodynamic and kinetic data is necessary.  
Currently, there is insufficient information available
28, 29, 32
 to make a quantitative 
assessment of all of the potential corrosion products that could form on the surface of 
Ni-based alloys in these sulfidizing conditions.  Most of the research on Ni-based 
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alloys in sulfidizing environments has focused on binary or ternary alloys.  However, 
an analysis of the data available provides reasonable insight into the mechanisms of 
corrosion scale development on multicomponent alloys.  The formation of a sulfide 
scale on the surface of an alloy begins with the adsorption of the corrosive species 
onto the surface.  Once the surface is saturated with sulfur, nuclei begin to form.  The 
nuclei will grow laterally until impingement with other nuclei and a continuous film 
develops.
30
  Several factors influence which corrosion scales form.  Typically, an 
alloying element will selectively sulfidize if the free energy of formation for the 
sulfide is more negative than sulfides of the other alloying elements.
29, 30
  Table 11 
shows the free energies of formation for several different sulfides at 1000°C.  Cr 
sulfide is the only sulfide that has a significantly different free energy of formation.
34
  
Therefore, Cr is the only element that prefers to selectively sulfidize.  The sulfidation 
rate also influences that corrosion scales that initially form.
30
  The sulfidation behavior 
of an alloy is often characterized by the various rate equations which describe the 
reaction kinetics.  The high temperature behavior of many pure metals and alloys are 
best described by a parabolic equation given as
30, 31
 
              [20] 
where x is the corrosion scale thickness, Kp is the parabolic rate constant, t is time, and 
C is the integration constant.  Parabolic behavior signifies that the diffusion of ions 
through the corrosion scale is the rate limiting step.
30, 31
  A comparison of the 
parabolic rate constants for several pure elements are shown in Table 12.  Ni has a 
sulfidation rate that is two orders of magnitude greater than Cr.  While Cr prefers to 
selectively sulfidize, Ni sulfide also forms and outgrows the Cr sulfide.  Figure 63A-B 
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illustrate the initial stages of the corrosion scale development with a schematic 
diagram.  When the claddings were exposed to the representative sulfidizing gas, 
sulfur adsorbed onto the surface and Ni and Cr sulfides nucleated.  The sulfide nuclei 
grew laterally until a continuous corrosion scale developed and the Cr sulfide was 
buried by the Ni sulfide.  It should be noted that the sulfidation rate of Fe is about an 
order of magnitude slower than Ni but faster than Cr.  This would seem to suggest that 
Fe sulfide may also form initially.  However, there is only a small amount of Fe within 
the alloy and so it is difficult to determine if Fe sulfides formed or were in solid 
solution with the Cr and Ni sulfides.  As for Mo and W, if any sulfides initially 
formed, the amount was negligible in comparison to the other sulfides.  Table 12 
indicates that the parabolic rate constants for Mo and W are many orders of magnitude 
smaller than Fe, Ni, and Cr.  Therefore, Ni and Cr sulfides covered the surface of the 
claddings before appreciable amounts of Mo and W sulfides formed. 
The mechanism of corrosion changes with the presence of a corrosive scale.  
The scale separates the corrosive environment from the alloy.  Corrosion proceeds by 
the diffusion of ions and electrons through the scale.
30, 32, 33
  Cations diffuse outward 
and anions diffuse inward, though not necessarily at the same rate because the amount 
of lattice defects are not necessarily the same.
33
   Analysis of the corrosion scales 
revealed various Fe, Ni, and Cr sulfides in the outer layer.  This suggests that cations 
were diffusing outward through the scale and reacting with the corrosive environment 
and the corrosion scales within the outer layer.  Table 13 provides the maximum 
deviations from stoichiometry for several different sulfides.  The deviations from 
stoichiometry are rather significant for Fe, Ni, and Cr, indicating that ions diffused 
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rather easily through the outer layer.  This agrees with the work by Douglass et. al
35, 36
 
which demonstrated that the corrosion scales on the Ni-Mo alloys formed by the 
outward diffusion of Ni cations.  It should be emphasized that when a multicomponent 
alloy corrodes in a complex sulfidizing/oxidizing environment, the corrosion scale 
development is not only dependent upon the thermal stability of the corrosion products 
but also on the partial pressures of the corrosive species within the scale.
31
  Therefore, 
the corrosion products that initially form often react and form other corrosion products 
as the scale develops.  Figure 63C shows a schematic representation of how the 
corrosion scale continued to evolve after the initial corrosion scale formed.  The Ni 
cations diffused outward to the scale/environment interface and reacted to form Ni 
sulfide.  The small amount of Fe in the alloy diffused outward and reacted with the Cr 
sulfide to form Fe-Cr sulfide.  Some of the Cr cations also diffused outward and 
reacted with the Ni sulfide to form Ni-Cr sulfide.  Simultaneously, S and O anions 
diffused inward to the scale/metal interface.  Pores and fissures within the outer layer 
developed and enhanced the diffusion of the reactive species through the scale.  Since 
most of the Ni diffused outward through the scale, the alloy near the scale/metal 
interface became enriched in Mo and W.  The S and O reacted with these elements to 
form the inner corrosion layer (Cr-W-Mo sulfide/oxide phase mixture).  This is similar 
to the results obtained by Douglas et. al
35, 36
 where marker studies demonstrated an 
inward diffusion of sulfur to the scale/metal interface.   
Figure 63D provides a schematic representation of the development of the 
corrosion scales at 440 cycles.  As cations continued to diffuse outward to the outer 
corrosion layer, the Fe-Cr sulfide became unstable.  Fe was released and incorporated 
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into the Ni-Cr and Ni sulfide scales.  Given the small amount of Fe present, it most 
likely was in solid solution.  A mixture of Ni sulfides doped with slightly different 
amounts of Fe formed as the outermost scale.  The inner layer continued to form by 
inward diffusion of anions.  A Mo-rich layer formed near the interface between the 
inner and outer corrosion layers.  This layer most likely formed as a result of the 
continued enrichment in Mo within the inner layer due to the outward diffusion of the 
other cations (mainly Ni with some Fe and Cr).  The corrosion fatigue cracks that 
formed had a similar composition to the inner layer of Cr-W-Mo sulfide-oxide phase 
mixture.  This is logical, given that the corrosion fatigue cracks would experience 
similar sulfidizing/oxidizing conditions as the inner layer.   
A spinal phase formed along the length of the cracks in the inner corrosion 
layer.  Luer et. al
26
 identified the corrosion fatigue mechanism of Ni-based alloys in 
coal-fired combustion conditions.  A multilayered corrosion scale developed on the 
surface of the Ni-based weld overlays.  Stress concentrations from the preferential 
corrosive attack of the dendrite cores and the valley of the weld ripples eventually 
caused the corrosion scale to crack under the influence of the cyclic thermal stresses.  
The repeated opening of the newly formed crack exposed the crack surface to the bulk 
corrosive environment and a spinal phase formed within the crack.  For the claddings 
tested in these experiments, the Cr-W-Mo sulfide-oxide phase mixture within the 
corrosion fatigue cracks was exposed to the sulfidizing environment when the cracks 
were opened.  This caused the formation of a Cr sulfide spinal phase along the crack 
surfaces.  Cr sulfide developed because Cr selectively sulfidizes and has a 
significantly faster sulfidation rate than W or Mo.  When the cracks were open, some 
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Fe and Ni diffused outward toward the crack surface and were incorporated into the 
spinal phase.  A spinal phase was not observed in the outer layer of the corrosion 
scale.  This was due to the fact that the outer layer of the corrosion scale was already 
in equilibrium with the gaseous environment.   
Research by Luer et. al
26
 characterized the corrosion scales that formed on the 
alloy 625 (Ni-21.5Cr-9Mo-5Fe-3.5Nb) Ni-based weld overlays in service.  The alloy 
625 weld overlay claddings were exposed to low NOx coal combustion environments 
for two years.  Energy dispersive spectroscopy and electron probe microanalysis 
techniques were used to analyze the corrosion scales.  An outer layer of corrosion 
scale was observed on the surface of the weld overlay claddings that consisted of a 
NiS mixed with fly ash compounds such as SiO2, Al2O3, Fe2O3, etc.  The primary 
phase in the embryonic corrosion fatigue cracks was identified as a Cr sulfide-oxide 
with minor amounts of Mo, Fe, Nb, and Ni.  The primary phase in the mature 
corrosion fatigue cracks was similar except it contained minimal amounts of sulfur.  A 
secondary phase was also observed along the length of the corrosion fatigue cracks.  
This spinal phase consisted of a Ni-based sulfide or sulfide-oxide phase mixture that 
contained high concentrations of Mo and Cr.  Regions within the corrosion fatigue 
cracks that were enriched in Nb corresponded to what used to be the interdendritic 
regions within the weld microstructure.   
The alloy 622 GMAW, coextruded, and laser weld overlay claddings also 
contained inner and outer corrosion scales.  The outer scale consisted of a Ni sulfide, 
which is similar to the alloy 625 cladding.  The alloy 622 outer scale also contained a 
Ni-Cr sulfide instead of fly ash compounds.  The inner corrosion scale on the alloy 
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622 claddings was continuous, unlike the alloy 625 claddings where the inner scale 
was only found in the corrosion fatigue cracks.  The alloy 622 inner corrosion scale 
consisted of a Cr-W-Mo sulfide-oxide phase mixture.  This is similar to the Cr sulfide-
oxide observed in the alloy 625 embryonic corrosion fatigue cracks (with minor 
amounts of Mo, Fe, Nb, and Ni).  Spinal phases were also observed in both claddings.  
However, the Cr sulfide (with minor amounts of Fe or Ni) in the alloy 622 claddings 
differed from the Ni-sulfide-oxide spinal phase (with higher amounts of Mo and Cr) in 
the alloy 625 claddings.  These results demonstrate that corrosion scale that formed on 
the Ni-based weld overlays in service were similar to the corrosion scales that 
developed on the laboratory samples. 
The differences between the corrosion scales can be attributed to several 
differences in the corrosion fatigue conditions.  The weld overlay claddings had 
different compositions, which could significantly alter the corrosion scale 
development.  The claddings were also exposed to different corrosive environments.  
The alloy 622 laboratory samples were exposed to a controlled sulfidizing gas while 
the alloy 625 cladding was exposed to actual combustion conditions.  The lack of 
sulfur in the mature corrosion fatigue cracks within the alloy 625 samples suggests 
that the coal combustion conditions were not as sulfidizing as the laboratory 
conditions.  The laboratory samples were also exposed to accelerated corrosion fatigue 
testing conditions designed to assess the corrosion fatigue resistance of the claddings.  
Therefore, more corrosion was observed in the alloy 625 claddings.  This is attributed 
to the the difference in the time scales between the cracks induced in the laboratory 
test conditions and the field conditions.  The cracks grew more slowly in service due 
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to the reduced stress frequency.  As a result, there was more time for corrosion to 
occur during crack growth in the alloy 625 claddings and corrosion may have been 
able to have a more significant  effect on the corrosion fatigue behavior. 
Figure 59 shows the presence of oxides within the matrix of the laser weld 
overlay.  These oxides were in the metal powders used to fabricate the samples and 
did not melt during the welding process.  Table 14 shows typical EDS results from the 
oxides.  They were mainly composed of Cr and Ta.  The oxides did not have a 
dramatic effect on the corrosion mechanism of the laser weld overlay samples, as 
evidenced by the similar corrosion scales between the claddings.  Figure 64 shows the 
presence of one of these oxides at the inner and outer layer interface.  These oxides 
were stable within the inner layer and were consumed by the outer layer.  Since the 
oxide is being consumed at the interface, a reaction must be occurring between the 
inner and outer layer that is consuming the inner layer.  Therefore, the interface 
between the corrosion layers is not the same as the original surface of the samples. 
Both the inner and outer layers of the corrosion scale increased in thickness 
from 25 to 440 cycles.  This demonstrated that the inner Cr-W-Mo sulfide-oxide phase 
as well as the Mo-rich layer that formed within the inner scale did not prevent outward 
diffusion of cations.  A analogous result was observed in the Ni-Mo alloys studied by 
Douglass et. al
35, 36
.  The MoS2 layer formed underneath the outer Ni sulfide layer.  It 
did not completely suppress the growth of the outer layer and therefore did not prevent 
the outward diffusion of cations.  The corrosion scale thickness between the claddings 
appeared to be similar at 25 cycles and at 440 cycles.  This suggests that there was not 
a dramatic difference in the corrosion resistance between the claddings.  If one of the 
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claddings was significantly more corrosion resistant, a thinner corrosion scale would 
have resulted.  Considering that the corrosion scales that developed on the claddings 
were similar in composition, these results indicate that microsegregation does not have 
a large effect on the overall corrosion fatigue resistance of alloy 622.  A slight 
difference between the weld overlay and coextruded claddings was observed in the 
inner corrosion layer.  The dendrite core and interdendritic regions within the alloy 
were incorporated into the inner layer of the weld overlays.  As a result, the corrosion 
scale did not have a uniform distribution of Mo.  It is possible that the regions that 
were depleted in Mo allowed faster transport of cations to the outer corrosion scale.  If 
this occurred, it did not have a significant effect on the overall development of the 
corrosion scale.  Ultimately, the differences in the corrosion scale development 
between the GMAW, coextruded, and laser weld overlay claddings were relatively 
minor.  Therefore, the corrosion development does not significantly contribute to any 
differences in the corrosion fatigue behavior of the claddings. 
Conclusions 
The development of corrosion scales on GMAW, coextruded, and laser weld 
overlay claddings were investigated under simulated corrosion fatigue conditions.  The 
following conclusions can be drawn from this work. 
1. A multilayer corrosion scale developed on each of the claddings that consisted 
of an inner and outer layer.  The outer layer was Ni-Cr sulfide underneath a 
mixed layer of Ni sulfide.  The inner layer consisted of a Cr-W-Mo sulfide-
oxide phase mixture.  A Cr sulfide spinal phase formed due to exposure of the 
Cr-W-Mo sulfide oxide scale to the corrosive environment.   
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2. The outer corrosion layer developed by the outward diffusion of cations which 
reacted with the corrosive environment and the other corrosion products in the 
outer layer.  The inner layer formed by the inward diffusion of oxygen and 
sulfur to the scale/metal interface.  The enrichment of the alloy near the 
scale/metal interface lead to the formation of a Mo rich layer. 
3. The corrosion mechanism of the weld overlay and coextruded claddings is very 
similar.  The dendrite core and interdendritic regions within the weld overlays 
were incorporated into the inner corrosion scale.  However, this did not 
significantly change the corrosion mechanism.  Therefore, corrosion does not 
significantly contribute to any differences that may exist in the corrosion 
fatigue resistance between the claddings.   
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Table 10: Chemical composition limits of the alloy 622 and T11 steel that was used to fabricate the claddings.  EDS measurements of the alloy 622 matrix are 
shown for comparison to the chemical analysis results.  All the values are given in weight percent. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  GMAW Overlay Laser Weld Overlay Coextruded Cladding  
 Measurement 
Technique 
Chemical 
Analysis EDS 
Chemical 
Analysis 
Chemical 
Analysis EDS 
Chemical 
Analysis 
Chemical 
Analysis EDS 
Chemical 
Analysis 
 Material 622 622 T11 622 622 T11 622 622 T11 
C 0.01 — 0.09 0.01 — 0.08 0.002 — 0.12 
Co 0.06 — 0.01 0.03 — 0.01 0.81 — — 
Cr 21.9 20.1 1.1 24.5 23.5 1.2 21.3 21.5 1.2 
Fe 5.0 3.5 97.2 3.4 3.1 97.1 3.7 3.5 — 
Mn 0.25 — 0.46 0.21 — 0.50 0.25 — 0.52 
Mo 13.9 14.6 0.50 13.4 13.1 0.48 13.1 12.8 0.52 
Ni 55.2 55.3 0.03 55.0 55.8 0.10 58.0 57.9 0.02 
P — — 0.015 — — 0.007 0.012 — 0.009 
S 0.001 — 0.001 0.001 — 0.002 0.002 — 0.026 
Si 0.05 — 0.57 0.10 — 0.31 0.03 — 0.62 
W 3.2 4.5 — 3.0 4.5 — 2.8 3.9 — 
Al 0.52 0.52 0.03 0.31 — 0.02 — 0.35 0.03 
Cu 0.03 — 0.02 0.01 — 0.18 — — 0.02 
1
1
8
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Table 11: Free energy of formation for several different sulfides that could potentially form in this alloy at 
1000°C.34 
 
Free Energy 
of Formation 
(kJ/mol S2) 
NiS -138.6 
FeS -194.9 
Cr2S3 -313.7 
MoS2 -173.9 
Al2S3 -284.3 
WS -141.1 
TaS2 -282.7 
 
Table 12: Parabolic rate constants for the sulfidation of several different elements and the partial pressures 
and temperatures at which the experiments were conducted.29 
Element 
Parabolic rate 
constant (g/cm4s) PS2 (Pa) Temp (°C) 
Co 6.7E-06 1.0E+05 800 
Ni 1.6E-06 1.0E+05 640 
Fe 2.0E-07 1.0E+05 800 
Cr 1.9E-08 1.0E-01 750 
V 2.3E-10 1.0E-01 750 
Hf 7.4E-12 1.0E-01 750 
Ti 4.5E-12 1.0E-01 750 
Zr 2.7E-12 1.0E-01 750 
Mo 2.6E-12 1.0E-01 750 
Al 1.0E-12 1.0E+05 400 
Nb 8.2E-13 1.0E-01 750 
W 1.0E-19 1.0E-01 750 
 
Table 13: Maximum deviation from stoichiometry for several of the sulfides that might form in this alloy.34 
Maximum deviation 
from stoichiometry at 
1000°C 
FeS 0.15 
NiS 0.09 
Cr2S3 0.03 
MoS2 8E-05 
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Table 14: Representative EDS measurements taken from the oxide particles found within the matrix of the 
laser weld overlay samples.  All values are given in wt%. 
 O Al Ti Ta Mo Cr Ni 
Oxide 1 20.4 6.8 5.1 6.3 2.0 54.4 5.0 
Oxide 2 21.5 2.7 0.11 — — 72.1 3.5 
Oxide 3 10.0 0.19 1.0 77.6 — 11.2 — 
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Figure 52: EDS line scan of the GMAW weld overlay near the scale/metal interface.   
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Figure 53: EDS line scan of the laser weld overlay near the scale/metal interface.   
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Figure 54: The α parameter as a function of the cooling rate for many of the alloying elements that are 
typically found in Ni-based alloys.24 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 55: The corrosion scale on the surface of the GMAW weld overlay sample at 25 cycles.  A table showing representative compositions of the various 
corrosion scales is shown for ease of comparison.  All values are given in wt%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 56: The corrosion scale on the surface of the laser weld overlay at 25 cycles.  A table showing representative compositions of the various corrosion scales 
is shown for ease of comparison.  All values are given in wt%. 
 
O Al W S/Mo Cr Fe Ni 
1 — — — 38.2 35.5 17.3 9.0 
2 — — — 33.1 17.5 3.2 46.2 
3 — — — 26.3 1.3 2.9 69.5 
4 9.6 1.1 13.7 24.8 43.5 2.4 4.9 
5 7.7 0.9 12.3 24.5 38.3 2.0 14.3 
 
  O Al W S/Mo Cr Fe Ni 
1 — — — 44.0 34.9 14.7 6.5 
2 — — — 39.1 18.8 2.8 39.3 
3 — — — 25.7 0.44 0.37 73.5 
4 11.5 — 12.3 26.3 44.3 1.9 3.7 
5 7.6 — 26.6 40.8 13.2 1.6 10.2 
1 
2 
3 
4 
5 
1 
2 
3 
4 
5 
Outer Layer 
Inner Layer 
1
2
4
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 57: The corrosion scale on the surface of the coextruded cladding at 25 cycles.  A table showing representative compositions of the various corrosion 
scales is shown for ease of comparison.  All values are given in wt%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  O Al W S/Mo Cr Fe Ni 
1 — — — 44.7 36.4 13.8 5.1 
2 — — — 39.4 20.6 3.0 37.0 
3 — — — 26.7 1.5 0.98 70.8 
4 12.5 1.5 19.4 19.6 40.1 1.3 5.5 
5 10.4 1.5 19.9 22.3 38.2 1.7 6.0 
1 
2 
3 
4 
5 
1
2
5
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 58: Corrosion scale that developed on the GMAW weld overlay at 440 cycles.  A table showing representative compositions of the various corrosion 
scales is shown for ease of comparison.  All values are given in wt%.  A) Corrosion fatigue crack B) Inner and outer layers of corrosion scale 
 
  O Al W S/Mo Cr Fe Ni 
6 — — — 36.6 11.4 4.6 47.4 
7 1.1 — — 25.6 — 1.1 72.1 
8 1.3 — — 31.2 — 4.9 62.7 
9 12.3 0.7 10.8 25.7 47.5 1.5 1.6 
10 9.6 0.6 9.7 19.4 42.9 4.8 13.2 
11 — 0.7 14.1 52.7 22.9 1.5 8.2 
12 9.9 1.0 14.9 22.3 48.4 — 3.5 
13 — — — 45.4 38.2 13.3 3.2 
6 
12 
13 
A 
B 
8 7 
9 
10 
11 
Outer Layer 
Inner Layer 
1
2
6
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 59: Corrosion scale that developed on the laser weld overlay at 440 cycles.  A table showing representative compositions of the various corrosion scales is 
shown for ease of comparison.  A) Corrosion fatigue crack and inner and outer corrosion layers B) Outermost corrosion scale 
  O Al W S/Mo Cr Fe Ni 
6 — — — 37.0 10.4 3.9 48.8 
7 — — — 26.1 0.82 0.62 72.4 
8 — — — 32.1 0.50 4.1 63.3 
9 9.6 — 13.3 19.2 52.4 1.7 3.7 
10 6.2 — 13.8 23.3 39.2 2.5 15.1 
11 — — 17.5 62.4 5.4 — 14.7 
12 11.4 — 10.2 26.2 49.3 — 2.9 
13 0.15 — — 44.4 42.9 3.0 9.5 
7 
8 
B 
6 
9 
10 
11 
12 
13 
A 
oxides 
1
2
7
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 60: Corrosion scale that developed on the coextruded sample at 440 cycles.  A table showing representative compositions of the various corrosion scales 
is shown for ease of comparison.  All values are given in wt%.  A) Inner and outer layers of corrosion scale and corrosion fatigue crack B) Outermost corrosion 
scales 
  O Al W S/Mo Cr Fe Ni 
6 — — — 35.6 14.3 3.2 46.9 
7 — — — 25.0 — 0.98 74.1 
8 — — — 30.4 — 3.4 66.2 
9 1.3 1.6 20.3 56.4 9.6 0.95 9.9 
10 10.0 1.2 12.9 24.9 47.2 0.95 2.9 
11 2.6 1.2 12.2 34.3 41.5 4.2 4.1 
12 — — — 37.2 40.0 9.2 13.6 
13 — — 0.19 42.6 36.3 14.3 6.6 
A 
8 7 
13 
B 
6 
9 
10 
11 
12 
1
2
8
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 61: EDS Map of a corrosion fatigue crack in the GMAW weld overlay sample that was tested for 440 cycles.  A BSE image is shown as well as maps of 
the Cr and Fe within the sample. 
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Figure 62: EDS Map of a corrosion fatigue crack in the GMAW weld overlay sample that was tested for 440 cycles.  Maps of the Mo/S, Ni, O, and W within the 
sample are shown.
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Figure 63: Schematic representation of the development of the corrosion scale on the surface of the 
claddings.  A) Initial formation of sulfides B) Formation of a continuous corrosion scale and growth by 
cation and anion diffusion C) Development of corrosion scales observed at 25 cycles D) Development of 
corrosion scales observed at 440 cycles 
A 
B 
C 
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Figure 64: Oxide from the laser weld overlay process that was present in the matrix and was partially 
consumed by the outer corrosion layer. 
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Chapter 4: The Corrosion Fatigue Cracking Behavior of Alloy 622 
Weld Overlay and Coextruded Claddings 
Abstract 
 The use of low NOx boilers in coal fired power plants has resulted in 
sulfidizing conditions that have reduced the service lifetime of the waterwall tubes.  
Ni-based weld overlays provide adequate corrosion resistance in these environments 
but are susceptible to corrosion fatigue cracking.  Coextruded claddings offer the 
potential for improved corrosion fatigue resistance since they are fabricated using a 
solid state process.  The corrosion fatigue behavior of alloy 622 GMAW, coextruded, 
and laser weld overlay claddings were evaluated using a Gleeble thermo-mechanical 
simulator.  A two parameter Weibull analysis was used to statistically analyze the 
corrosion fatigue resistance of each of the claddings.  ANSYS and Frac2D were used 
to model the stress intensity factors of cracks with alternating crack depths.  The 
results demonstrated that crack initiation was delayed in the laser weld overlay 
samples due to the difference in substructure morphology between the GMAW and 
laser weld overlays.  The surface finish significantly enhanced the crack initiation and 
propagation in the GMAW and laser weld overlays.  The corrosion fatigue behavior of 
the claddings was also strongly influenced by the crack interactions.  The initiation of 
a large number of corrosion fatigue cracks was not necessarily detrimental to the 
corrosion fatigue resistance.  Finally, the as-received coextruded cladding exhibited 
the best corrosion fatigue resistance.  The largest cracks in the coextruded cladding 
were smaller than in the weld overlay claddings and experienced greater crack 
interactions.  This reduced the stress intensity factors and resulted in superior 
corrosion fatigue resistance.     
  
134 
 
Introduction 
In an effort to reduce boiler emissions many coal-fired power plants have 
implemented a stage combustion process that delays the mixing of fuel and oxygen.  
This creates reducing conditions within the boiler and reduces the amount of nitrous 
oxide (NOx) produced.
20, 21
  The boilers previously operated under oxidizing 
conditions which allowed protective oxides to form on the steel waterwall tubes.
21, 22
  
The reducing conditions have accelerated the waterwall wastage due to the formation 
of sulfides and mixed sulfide/oxides.  Consequently, the service lifetimes of the 
waterwall tubes have been significantly reduced.
20, 21
  Ni-based weld overlay 
claddings are used to provide the necessary corrosion resistance.  However, these 
claddings have recently
23, 25, 26
 been shown to be susceptible to corrosion fatigue 
cracking.  Forced outages associated with the cracking and failure of waterwall tubes 
are often needed to make repairs.  It is important to quantitatively understand the 
corrosion fatigue behavior of Ni-based weld overlay claddings in order to mitigate 
these issues.   
Additionally, the Department of Energy is developing advanced coal 
combustion techniques to improve efficiency and reduce emissions.
27
  Higher 
temperatures and pressures (~760°C and 35MPa) within the waterwall tubes are 
needed to achieve these increases in efficiency.  Significant improvements to the 
current Ni-based weld overlay claddings are necessary in order to operate under these 
conditions.
27
  New cladding technologies which potentially avoid the factors 
associated with corrosion fatigue must be evaluated. 
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The susceptibility of Ni-based weld overlay claddings to corrosion fatigue is 
associated with the localized melting and re-solidification of the weld overlay process.  
A solid state cladding process, such as coextrusion, offers the potential to improve the 
corrosion fatigue resistance.  In a Ni-based weld overlay, critical alloying elements 
such as Mo are reduced due to dilution with the underlying steel substrate.  These 
alloying elements are critical for the corrosion resistance.  Dilution does not occur 
with coextruded claddings because the coextrusion process produces a metallurgical 
bond at the cladding/substrate interface using a solid state explosive joining process.  
The weld overlays also exhibit microsegregation across the dendritic substructure.  
The dendrite cores are depleted in critical alloying elements such as Mo and undergo 
localized corrosive attack.  The stress concentrations from the preferentially corroded 
regions promote crack initiation and propagation.  Coextruded claddings do not 
experience localized corrosive attack because they have a uniform distribution of 
alloying elements.  Stress concentrations from the valleys of the weld ripples further 
enhance corrosion fatigue cracking.  The coextrusion process provides a significantly 
smoother surface finish and eliminates the weld ripples.  The elimination of stress 
concentrations due to the localized attack and the valleys of the weld ripples should 
lead to improvements in the corrosion fatigue resistance.  Finally, weld overlay 
claddings develop residual stresses due to the localized melting and solidification.  
The residual stresses are usually on the order of the yield strength of the alloy.
38
  The 
thermal cycles in the coextrusion process are less severe.  As a result, the residual 
stresses are reduced. 
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There are a variety of different factors which contribute to the stresses in 
waterwall tubes including the weight of the tubes, internal water and steam pressure, 
and bending stresses due to flame impingement.
23, 26
  However, it is the cyclic thermal 
stresses that promote the corrosion fatigue cracking.  Thermal stresses develop from 
operational variables such as startup, shutdown, and load changes within the boiler.  
Flame impingement on the waterwall tubes can also cause a sudden increase in 
temperature.
23, 26
  Fly ash and unburnt coal particles can also form corrosive deposits 
on the surface of the waterwall tubes.  The deposits insulate the tubes from the radiant 
heat from the coal combustion process and reduce the outer tube surface temperature.  
These deposits are often removed by sootblowing operations or they naturally spall 
off.
23
  This causes a rapid increase in the surface temperature which according to 
Smith et al.
8
 produces severe thermal gradients through the thickness of the tubes.  
Compressive yielding occurs at the surface due to the constraint from the cooler inner 
tube material.  Differences in coefficient of thermal expansion (CTE) between the 
cladding and the steel tube may further exacerbate this issue.  Over time, the corrosive 
deposits build up on the waterwall tubes and reduce the surface temperature.  Residual 
tensile stresses develop in the outer portions of the tubes as the tubes cool and 
significant yielding occurs.  Repeated cycling of this process results in corrosion 
fatigue cracking.   
Luer et. al
26
 studied the corrosion fatigue behavior of alloy 625 weld overlays 
in coal-fired boilers.  The authors demonstrated that the first step in the corrosion 
fatigue process was the development of a multilayer corrosion scale.  The dendrite 
cores preferentially corroded as a result of the microsegregation.  The dendrite cores 
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were depleted in critical alloying elements such as Mo and Nb.  Stress concentrations 
from the preferentially corroded dendrite cores promoted crack initiation.  The valleys 
of the weld ripples were additional stress concentrations that further enhanced the 
corrosion fatigue cracking.  Eventually, the cyclic thermal stresses caused the 
corrosion scale to crack.  Once the cracks initiated, they propagated down the dendrite 
cores.  A spinal phase developed along the length of the cracks due to the crack 
surface being exposed to the surrounding corrosive environment.  The spinal phase 
was similar in composition to the outermost corrosion scales which were already in 
equilibrium with the corrosive environment. 
In order to quantitatively analyze the corrosion fatigue behavior, an 
experimental technique was developed to accurately simulate the corrosion fatigue 
mechanism that has been established by Luer et. al
26
.  The experimental technique was 
designed to analyze the crack initiation and propagation behavior of multiple corrosion 
fatigue cracks.  Conventional single crack testing methods, such as compact tension 
(C(T)), are not adequate for studying corrosion fatigue behavior of Ni-based alloys in 
coal combustion conditions.  A single crack test configuration only analyzes the crack 
propagation behavior and does not take into account crack initiation.  Crack initiation 
needs to be considered because it can comprise a large portion of the fatigue life.  It 
has been demonstrated that numerous cracks form on the surface of Ni- based weld 
overlays in service.
23, 26
  A large number of cracks can alter the corrosion fatigue 
behavior by reducing the stress intensity factor, K, well below the value for a single 
crack.
39, 40
  The crack interactions cause the material surrounding the cracks to become 
more compliant than the bulk material.  The crack depths and crack spacings control 
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the reduction in the stress intensity factors.
39, 40
  Therefore, the deepest crack may not 
necessarily be the crack that ultimately leads to failure.  Obviously, a single crack 
testing technique cannot account for the effect of crack interactions on the crack 
propagation behavior.  The experimental technique allows the influence of 
microstructure on the crack initiation and propagation to be analyzed under the 
simultaneous application of a corrosive environment, elevated temperatures, and 
cyclic stresses.  In particular, the corrosion fatigue cracks in the weld overlay 
claddings are allowed to initiate in the preferentially corroded dendrite cores.  The 
effect of surface finish can be characterized and compared to the effect of 
microsegregation using this approach.  The inherent corrosion resistance of each of the 
claddings was studied by using samples that were ground flat.  Additional samples in 
the as-received condition were evaluated to characterize the effect of surface finish. 
The mechanism of corrosion fatigue in Ni-based alloys exposed to sulfidizing 
environments is not well understood.  Only a few studies
41-44
 have been conducted on 
the corrosion fatigue behavior of wrought Ni-based alloys.  Floreen and Kane
41
 
evaluated alloy 718 in fourteen different gaseous environments at 650°C.  The results 
demonstrated that sulfur bearing species such as SO2 or H2S produced significant 
increases in fatigue crack growth.  The authors were unable to clearly identify the 
mechanism(s) responsible.  Research
42
 on Alloy 800 was conducted in He-SO2 and 
He-H2S at temperatures ranging from 316 to 650°C.  Increasing concentrations of 
sulfur and increasing temperatures increased the crack growth rates.  The authors 
proposed that the crack growth was enhanced by the enrichment of sulfur in the plastic 
zone ahead of the crack tip.  At lower temperatures, crack growth outgrew the sulfur 
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diffusion ahead of the crack tip and sulfide particles formed in the cracks.  Rie and 
Klingelhoffer
44
 analyzed corrosion fatigue crack growth of 800H at 920°C in an 
representative SO2 bearing gas.  The authors suggested that a protective Cr rich scale 
formed on the surface of the material and in the fatigue cracks.  Additional cyclic 
loading resulted in fatigue crack growth and repeated cracking of the oxide scale.  The 
cracks in the scale were healed until Cr became locally depleted.  Non-protective 
oxides such as Ni and Fe rich oxides began to form within the cracks and rapidly 
consumed the available oxygen.  This increased the sulfur content at the crack tip due 
to decomposition of SO2.  Sulfidation then occurred and fatigue crack growth was 
significantly enhanced through the formation of sulfides on the grain boundaries.   
Smith et. al
8, 45
 analyzed the corrosion fatigue behavior of wrought steel 
waterwall tubes under simulated coal combustion conditions.  The 0.5Cr-0.5Mo low 
alloy steel samples were exposed to a representative SO2-bearing corrosive gas at 
600°C for 100 hours.  The samples were then exposed to cyclic thermal stresses 
induced by temperature differences from 310°C to 525°C.  The corrosion fatigue crack 
initiation mechanism involved the preferential corrosive attack of grain boundaries 
located at the tube surface.  These preferentially corroded grain boundaries were stress 
concentrations that eventually fractured under the influence of cyclic thermal stresses.  
The grain boundaries oriented normal to the surface were active initiation sites for 
corrosion fatigue cracks.  The other grain boundaries also initiated cracks but the 
cracks were removed by the corrosion.  The cracks then propagated in a transgranular 
manner.  In order to develop new and improved claddings for waterwall tubes a 
fundamental understanding of the corrosion fatigue behavior of Ni-based alloys needs 
  
140 
 
to be established.  Therefore, the object of this research is to characterize the corrosion 
fatigue behavior of Ni-based GMAW, coextruded, and laser weld overlay claddings.  
This includes understanding the effect of preferential corrosive attack and surface 
finish on the corrosion fatigue resistance. 
Experimental Procedure 
Alloy 622 gas metal arc weld (GMAW) overlay, laser weld overlay and 
coextruded claddings were fabricated on T11 steel tubes.  Table 15 shows the 
chemical composition of the T11 steel substrates and the alloy 622 claddings.  The 
chemical compositions for the GMAW and laser weld overlays were determined using 
inductively coupled plasma – atomic emission spectroscopy.  The compositions for the 
coextruded cladding were taken from the certified mill analysis.  The GMAW weld 
overlays were prepared using a travel speed of 53 cm/min and a wire feed speed of 
1143 - 1168 cm/min.  The current varied between 205-225 amps and the voltage 
ranged between 22-23 volts.  The laser weld overlays were produced using a travel 
speed of 25 cm/min and a metal powder feed rate of 100 g/m.  The laser output power 
was 13.2 KW.  The laser weld overlays were post weld heat treated at 677 -732°C for 
30 minutes.  The coextruded claddings were manufactured using an outer layer of 
alloy 622 on a T11 steel substrate.  An explosive welding process was used to form a 
billet.  The billet had a diameter of approximately 15 cm and a length of 61 cm.  The 
billet was heated to 1040°C and coextruded in about 5 seconds.  This produced a tube 
that was approximately 6 m long. 
A new corrosion fatigue experimental technique was used to characterize the 
corrosion fatigue resistance of the claddings.  The corrosion fatigue resistance 
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associated with the material properties inherent to each of the claddings was examined 
by removing the surface finish.  The samples were ground to a 240 grit surface finish.  
Samples were also tested in the as-received condition to characterize the effect of 
surface finish.  The corrosion fatigue tests simultaneously applied a controlled 
temperature profile, a controlled stress profile, and a representative coal combustion 
environment.  A Gleeble thermo-mechanical simulator was retrofitted with a retort to 
allow the samples to be exposed to a N2-10%CO-5%CO2-0.12%H2S gas, which is 
representative
37, 46
 of the gaseous coal combustion environment. The flow rate of the 
gas was 125 mL/min.  The samples were resistively heated to a constant elevated 
temperature of 600°C which is a typical
37
 waterwall tube surface temperature.  The 
flat sample dimensions were 7.62 cm long by 0.64 cm wide and approximately 0.13 
cm thick.  The as-received samples were also 7.62 cm long by 0.64 cm wide.  An 
alternating stress profile with a minimum tensile stress of 0 MPa and a maximum 
tensile stress of 300 MPa was applied to each sample.  The minimum and maximum 
stresses were alternated every five minutes (ten minute fatigue cycles).  A maximum 
stress of 300 MPa was chosen because it is above the 200MPa yield strength of Alloy 
622 at 600°C.  This was done to simulate the residual tensile stresses that develop in 
the waterwall tubes that cause significant yielding.
8, 17
  Each of the as-received 
samples were scanned with a laser profilometer prior to testing to determine the 
minimal cross-section of each as-received sample.  The force applied was then 
adjusted so that the minimal cross-sectional area of each as-received sample 
experienced a maximum stress of 300 MPa.  Additional information regarding the 
corrosion fatigue testing technique is discussed in chapter two.  The flat corrosion 
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fatigue samples were tested for 25, 50, 100 and 440 cycles.  The as-received samples 
were tested for 25, 100, and 440 cycles.   
After corrosion fatigue testing, the samples were mounted in cold setting 
epoxy and ground and polished three times to examine three different longitudinal 
cross-sections.  Each cross-section was ground and polished to a 1 µm diamond 
surface finish.  The grinding and polishing steps were carefully controlled so that 
sections that were 1.91 mm, 2.54 mm, and 3.18 mm from the edge of the sample could 
be examined.  This was done to ensure that the same regions were examined in each 
sample.  Light optical microscopy (LOM) and image analysis techniques were used to 
measure the depth of each crack and the spacings between the cracks.  The total 
number of cracks per sample was also determined.  The GMAW and laser weld 
overlay samples that were tested for 25 cycles were electrolytically etched in a mixture 
of 10% oxalic acid and 90% water, using a stainless steel cathode at 2V.  The 25 cycle 
coextruded cladding sample was electrolytically etched in a mixture of 60% nitric acid 
and 40% water, using a stainless steel cathode at 2V.  The dendrite arm spacing was 
measured in at least 30 different locations in both the GMAW and laser weld overlay 
samples.  
ANSYS Mechanical APDL version 14.5 software
47
 was used to create a series 
of finite element models involving a periodic array of cracks with alternating depths in 
an infinite strip of finite width.  The stress intensity factors at the crack tips were 
calculated by inputting the ANSYS model into Frac2D
48
 (academic software).  Crack 
depths of 50, 100, 150, and 200 µm were used because they represent the range of 
crack depths that were observed in the samples.  Table 16 shows the specific crack 
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spacings that were used in the model.  The crack spacings were selected to include the 
range of crack spacings that were observed in the samples.  The width of the strip was 
fixed at 2000 µm to ensure that the largest crack tips did not interact with the edge of 
the strip.  
Results and Discussion 
Figure 65 provides representative images of the corrosion fatigue cracks in the 
flat GMAW weld overlay samples.  Figure 65A shows one of a few small corrosion 
fatigue cracks that were in the 25 cycle sample.  Numerous corrosion fatigue cracks of 
varying depths were present in the 50, 100, and 440 cycle samples.  Figure 66 
provides representative images of the flat laser weld overlay samples.  Corrosion 
fatigue cracks were not observed at 25 and 50 cycles, indicating a longer time for 
crack initiation and therefore improved corrosion fatigue resistance.  Increasing 
amounts of corrosion fatigue cracks of varying depths were observed in the 100 and 
440 cycle samples.  Oxides were present within each of the flat laser weld overlay 
samples.  The oxides were most likely a result of oxidized metal powders that were 
used in the fabrication of the laser weld overlays.  Figure 67 illustrates the corrosion 
fatigue cracking in the flat coextruded samples.  A large number of corrosion fatigue 
cracks of similar depth were observed at 25 and 50 cycles.  At 100 cycles, the cracks 
had a very different appearance and seemed to be growing together.  At 440 cycles, 
multiple corrosion fatigue cracks of varying depths were observed.  For each of the 
flat samples, a multilayer corrosion scale developed on the surface.  A spinal phase 
was observed in the corrosion fatigue cracks of each of the 440 cycle samples.   
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Figure 68 - Figure 70 provide examples of the corrosion fatigue behavior of the 
as-received claddings.  Numerous corrosion fatigue cracks were observed in each of 
the as-received GMAW samples.  In comparison, only a few cracks were evident in 
the 25 and 100 cycle as-received laser weld overlay samples.  At 440 cycles, the as-
received laser weld overlay exhibited a large amount of cracks.  The as-received 
coextruded cladding also had fewer cracks at 25 and 100 cycles and a larger number of 
cracks at 440 cycles.  Similar to the flat samples, the as-received samples had varying 
crack depths.  A multilayer corrosion scale developed on each of the as-received 
claddings.  However, the corrosion scales were discontinuous and varied in thickness 
for the 25 and 100 cycle as-received samples.  Figure 71 shows examples of regions 
with minimal corrosion scale present on the as-received 100 cycle samples.  The high 
temperatures involved in the welding fabrication (melting temperatures) and the 
coextrusion process (1040°C) most likely caused the formation of a thin oxide scale.  
It is well known
28
 that oxides that form on the surface of Ni-based alloys are only 
protective for short periods of time in sulfidizing conditions.  Sulfur is able to diffuse 
through the scale and reacted with the underlying alloy.  The oxide layer is then 
gradually destroyed by the formation of rapidly growing sulfides underneath the oxide 
layer.  The variations in thickness and the discontinuous nature of the corrosion scale 
in the 25 and 100 cycle as-received samples, suggest that an oxide scale most likely 
formed during fabrication.  The deterioration of the oxide scale would be expected to 
cause some regions to sulfidize sooner, depending on where the sulfur penetrates the 
oxide scale.  If an oxide scale was present, it would have delayed the sulfidation of the 
samples. 
  
145 
 
The development of the corrosion scales on each of the samples was 
remarkably similar.  Figure 65 - Figure 67 demonstrate that a multilayer corrosion 
scale formed on the each of the claddings that consisted of an inner and outer layer.  
The outer layer developed by the outward diffusion of cations which reacted with the 
corrosive environment.  Ni-Cr and Ni sulfides were observed in the outer layer.  The 
inner layer formed by the inward diffusion of sulfur and oxygen anions.  The 
enrichment of the alloy near the alloy/scale interface in Mo and W lead to the 
development of a Cr-W-Mo sulfide-oxide phase mixture.  This also promoted the 
formation of a Mo-rich layer within the inner layer.  A Cr sulfide spinal phase 
developed in the corrosion fatigue cracks.  The spinal phase formed as a result of the 
repeated opening of the corrosion fatigue cracks which exposed the crack surfaces to 
the surrounding corrosive environment.  The development of these corrosion scales 
were consistent with what is observed in service, as discussed in chapter three.  It is 
important to note that the corrosion mechanism was very similar between the 
claddings, indicating that the corrosion scale development does not significantly affect 
the corrosion fatigue resistance. 
The average crack depth and average crack spacing values for each of the 
samples are shown in Figure 72 - Figure 74.  The average crack depth increased with 
increasing number of fatigue cycles for both the flat and as-received samples.  The flat 
laser weld overlay samples exhibited no cracks at 25 and 50 cycles.  There were no 
discernable trends in the average crack spacing data.  A large variance was observed in 
both the average crack depth and the average crack spacing data.  This variance makes 
detailed comparisons between the claddings difficult, especially since the variance 
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causes the data from each of the claddings to overlap.  The difference between the 
average crack depth and the maximum crack depth values, which are shown in Figure 
75, further reinforces the fact that average crack depth values do not adequately 
describe the corrosion fatigue behavior.  Figure 75 demonstrates that the maximum 
crack depth values increased with increasing number of fatigue cycles for both the flat 
and as-received samples.  The maximum crack depth would be expected to provide an 
indication of the corrosion fatigue resistance.  It is well known
49
 that as a single crack 
becomes deeper, the stress intensity factor (K) increases.  Therefore, the deepest crack 
has the largest stress intensity factor and is the critical crack that should ultimately 
lead to failure.  However, for a large crack in an array of cracks this is not necessarily 
the case.  Crack interactions can reduce the stress intensity factor well below the value 
associated with a single crack.
39, 40
  The material surrounding the corrosion fatigue 
cracks becomes more compliant as a result of the numerous cracks.  Thus, the 
maximum crack depth values provide an initial indication of the corrosion fatigue 
resistance of each of the claddings, but the effect of crack interactions needs to be 
considered before a true understanding of the corrosion fatigue resistance can be 
developed. 
Histograms of the crack depth and crack spacing data were also analyzed.  
Figure 76 provides an example of a histogram of the crack depth data for the flat 
GMAW 100 cycle sample.  There appears to be a slightly larger number of crack 
depths that are between 3 - 9 um and also between 24 - 42 um.  These trends do not 
provide any significant insight into the corrosion fatigue cracking behavior.  In 
addition, interpreting the histograms is complicated by the fact that there is not an 
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optimal size for the crack depth intervals.  Therefore, the selection of different crack 
depth intervals will change the trends in the histogram.  Clearly, a more rigorous 
statistical approach is needed to analyze the corrosion fatigue behavior.   
A two parameter Weibull analysis was used to analyze the cumulative 
distribution function (cdf) of the crack depth and crack spacing results for each of the 
claddings.  This statistical approach provides a graphical estimation of the cumulative 
distribution function, which describes the probability that a crack depth/spacing is less 
than or equal to a given value.  The analysis attempts to fit a two parameter Weibull 
cdf to the data set.  The two parameter Weibull cdf is given by the equation
18
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where F(t) is the probability, t is the variable of interest (i.e. crack depth or spacing), α 
is the scale factor and β is the shape parameter.  The shape parameter determines the 
slope of the Weibull cdf and the scale factor describes the spread of the Weibull cdf.  
The first step in performing the analysis was to order the crack depths/spacings in 
ascending order and to assign each crack depth/spacing an index number according to 
its rank.  The smallest crack depth/spacing is assigned the index number one and the 
largest crack depth/spacing is assigned the number n.  The probability plotting points 
were determined using the smallest mean square error.  The probability plotting 
points, pi, are given by the equation
18
 
   (     )                 [22] 
where n is the sample size (total number of crack depths/spacings measured) and i is 
the index number.  Equation 21 can be rewritten as   [   (    )]     ( )  
   ( ) and the cumulative distribution function can be plotted as ln[-ln(1-pi)] vs. 
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ln(t).  If the probability plotting points are linear, the two parameter Weibull 
cumulative distribution function given by equation 21 fits the data and correctly 
estimates the cumulative distribution function.
18
   
The two parameter Weibull analysis of the crack depths for each of the 
samples are given in Figure 77 - Figure 80.  The curves were not linear, indicating that 
a two parameter Weibull cdf does not fit the cumulative distribution function 
associated with the crack depth results.  It is not necessary to identify the theoretical 
cdf that fits the data in order to analyze the cumulative distribution function of the 
results.  Therefore, this statistical approach provides significant insight into the 
corrosion fatigue behavior of the claddings.  As an example, the two parameter 
Weibull analysis results for the 100 cycle samples, which are shown in Figure 79, will 
be used to demonstrate how to interpret the cumulative distribution functions.  The flat 
GMAW and coextruded 100 cycle samples had similar crack depth distributions above 
a probability of ~20%.  Below ~20%, the curves diverge as the flat GMAW 100 cycle 
sample appears to have smaller crack depths.  However, these curves underscore the 
importance of understanding that the crack depth and probability axes are nonlinear.  
Below ~20%, the crack depths range from ~5.5 µm to ~20 µm.  Therefore, the 
divergence of the flat GMAW and coextruded 100 cycle samples below ~20% 
probability is not very significant.  This signifies that the upper portions of the cdf 
curves are much more important for interpreting the corrosion fatigue behavior of the 
claddings.  Figure 79 also shows that the probability that a crack is less than or equal 
to a given crack depth was higher in the flat laser weld overlay 100 cycle sample than 
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in the flat GMAW 100 cycle sample.  Therefore the cracks in the laser weld overlay 
tended to be smaller, suggesting an improvement in the corrosion fatigue resistance. 
The two parameter Weibull analysis results in Figure 77 - Figure 80 show that 
most of the curves were fairly continuous and therefore a broad range of crack depths 
developed in the samples.  The variation in the crack depths resulted from continuous 
crack initiation throughout the corrosion fatigue tests.  It should be emphasized that 
this makes it difficult to determine when a particular crack initiated.  As a result, 
quantitative measurements of the change in crack depth with fatigue cycles (i.e. da/dn) 
cannot be determined.  Therefore, typical da/dn vs. ΔK curves cannot be generated 
from these results.   
In order to understand the corrosion fatigue behavior of the claddings, the 
underlying factors which influence the crack growth behavior must be understood.  
The crack growth behavior is not only influenced by the crack depths but also by the 
crack spacings.  It is well known
49
 that as a single crack becomes deeper, the stress 
intensity factor increases.  The stress intensity factor, K, is given by the equation
49
 
    √       [23] 
where Y is the dimensionless stress intensity factor, σ is the applied stress, and α is the 
crack depth.  For a crack within an array of cracks, the K value does not necessarily 
increase with increasing crack depth because crack interactions can reduce the stress 
intensity factor well below the value associated with a single crack.
39, 40
  The material 
surrounding the cracks becomes more compliant as a result of the presence of 
numerous cracks.  Solutions
39, 40
 are available in the literature that can be used to 
determine the stress intensity factors associated with a periodic array of cracks of 
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equal crack depth and crack spacing.  Figure 81 demonstrates the effect of the crack 
depth and crack spacing on the stress intensity factor.  As the spacing between the 
cracks increases or the crack depth decreases, the dimensionless stress intensity factor 
increases.  Given equation 23, an increase in Y results in an increase in the K value.  
Therefore, the stress intensity factor for a crack in an array of cracks is dependent on 
the crack depths and the crack spacings.  
For a periodic array of cracks with equal crack depths, the K value does not 
increase with increasing crack depth if the crack spacing is sufficiently small.  Figure 
82 shows the stress intensity factor as a function of the crack spacing for several 
different crack depths.  The K values were calculated using the solution provided by 
Benthem and Koiter
39
.  In Figure 82, the stress intensity factor does not increase with 
increasing crack depth below a crack spacing of ~300 µm, for the crack depths shown.  
This is due to the fact that at small crack spacings, the K value increases with 
increasing crack depth as given by equation 23.  However, this is offset by the 
decrease in the K value due to the decrease in Y with increasing crack depth, as shown 
in Figure 81.  As an example, a series of 200 µm sized cracks that have a crack 
spacing of 300 µm will each have a stress intensity factor of 3.66 MPa√m.  For a 
series of 100 µm sized cracks with the same crack spacing, the stress intensity factor is 
still 3.66 MPa√m, despite the fact that the cracks are half the size.  Clearly, the 
influence of the crack interactions on the stress intensity factor becomes important as 
the crack spacing decreases.  It should be noted that the critical crack spacing at which 
this occurs decreases with decreasing crack depth.  This makes sense given that a 
smaller crack will not interact as strongly with surrounding cracks.   
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The largest cracks in each of the samples were examined to understand the 
fundamental differences in the corrosion fatigue behavior between the claddings.  A 
probability of 95% in the two parameter Weibull analysis corresponds to the largest 
5% of the cracks.  The two parameter Weibull analysis results were used to determine 
the range of crack depths above 95% probability.  Figure 83A shows the range of 
crack depths above 95% probability for the flat samples.  The number of corrosion 
fatigue cracks within the 95% probability crack depth range are also provided.  The 
flat coextruded samples appear to have the worst corrosion fatigue resistance because 
they exhibit the highest crack depth ranges at 25, 100, and 440 cycles.  However, the 
flat coextruded samples also have more cracks in the 95% probability crack depth 
range.  A larger number of cracks may result in more significant crack interactions.  
Therefore, the stress intensity factors associated with these cracks need to be estimated 
in order to develop an accurate comparison of the corrosion fatigue resistance of the 
claddings. 
The stress intensity factors associated with the crack depths and crack spacings 
above 95% probability were estimated.  This was accomplished by assuming that the 
crack spacing between each of the large cracks was uniform.  While the largest cracks 
in each of the samples appeared to be randomly distributed, this assumption provides a 
worst case scenario because larger crack spacing results in larger stress intensity 
factors.  It should be noted that this approach precludes the situation in which one of 
the large cracks is significantly further away from all of the other large cracks.  
Additional analysis is needed to characterize the specific distances between each of 
the large cracks in the 95% probability crack range.   
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The crack spacings were determined by dividing the width of the cracked 
regions within each sample (12700 µm) by the number of cracks in the 95% 
probability crack range.  The Benthem and Koiter solution
39
 was then used to calculate 
the stress intensity factor ranges for the samples using the smallest and largest crack 
depths within the 95% probability crack range.  Figure 84 shows the stress intensity 
factor ranges that were calculated.  The results demonstrate that the stress intensity 
factors for the flat corrosion fatigue samples are similar.  The flat coextruded samples 
have the largest crack depth range and the largest number of cracks.  The K value will 
be larger for the flat coextruded samples because of the deeper cracks.  However, the 
decrease in the crack spacing due to increased number of cracks in the flat coextruded 
samples results in more significant crack interactions.  These effects offset each other 
and the stress intensity factor ranges are similar.  As a result, the corrosion fatigue 
resistance of the flat GMAW, coextruded, and laser weld overlay samples is 
essentially the same. 
Figure 83B provides the range of crack depths above the 95% probability for 
the as-received samples.  The crack depth ranges for the corrosion fatigue samples are 
similar except for the 440 cycle samples.  The as-received coextruded 440 cycle 
sample exhibits a lower crack depth range and more cracks above the 95% probability 
than the weld overlay claddings.  Figure 84 shows the stress intensity factor ranges 
that were calculated for the as-received samples.  The K value range for the as-
received 440 cycle coextruded sample is the lower than the weld overlays.  This is 
because of the smaller crack depths as well as the increased crack interactions (due to 
a smaller crack spacing).  Therefore, the as-received coextruded cladding has the best 
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corrosion fatigue resistance.  It should be noted that the stress intensity factor range for 
the as-received GMAW 440 cycle sample is only slightly higher than the as-received 
coextruded sample.  This is a result of the fact that the crack interactions have a 
stronger influence on the stress intensity factor with decreasing crack spacing, as 
discussed previously. 
The crack interactions between different size cracks were studied in an effort 
to better understand the crack interactions in the corrosion fatigue samples.  The effect 
of smaller cracks on the stress intensity factors of larger neighboring cracks is not well 
understood.  A simple finite element model was developed involving alternating crack 
depths.  ANSYS Mechanical APDL version 14.5 software
47
 is a commercially 
available software package that was used as a preprocessor to create the crack models.  
The stress intensity factors were then calculated by inputting the models into 
Frac2D
48
.  Frac2D is a finite element based software package that was developed for 
2-D fracture analysis.  It utilizes special “enriched” crack tip elements to calculate the 
stress intensity factors.
50-53
   The simple model determines the stress intensity factors 
of cracks in a periodic array with alternating crack depths.  Crack depths of 50, 100, 
150, and 200 µm were modeled because they are representative of the range of crack 
depths that were observed in each of the samples.  The crack spacings that were used 
in the model are shown in Table 16.  These crack spacings are representative of the 
range of crack spacings that were observed in the samples, as shown in Figure 85 and 
Figure 86.  Since a large portion of the crack spacings were small, a larger number of 
smaller crack spacings were modeled.  The width of the strip was fixed at 2000 µm. 
This was done to ensure that the largest crack did not interact with the edge of the 
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strip.  A crack does not interact with the edge of the strip if the thickness of the strip is 
at least 10 times greater than the crack depth.  Increasing the thickness of the strip 
even further will not affect the stress intensity factors.  Therefore, these results are 
applicable to the corrosion fatigue samples that were tested.  The thickness of the 
corrosion fatigue samples was on the order of 1300 µm and the largest cracks 
observed in the samples were around 200 µm.  
 Figure 87 shows the calculated stress intensity factors as a function of the 
crack spacings for several different crack depth ratios.  The crack depth ratio is 
defined as the ratio of the larger crack depth to the smaller crack depth.  A comparison 
of the Frac2D values (for a crack depth ratio of one) to the Benthem and Koiter 
solution
39
 for a periodic array of 50, 100, 150 or 200 µm size cracks demonstrates 
excellent agreement between the two solutions.  The results demonstrate that the K 
values increase with decreasing crack depth ratio.  This makes sense as a smaller crack 
does not interact as strongly with its neighboring larger crack.  The stress intensity 
factors for single cracks of the same crack depths are shown.  The calculated K values 
above a 2000 µm crack spacing were similar to the K values for the single cracks.  
Therefore, the crack interactions are assumed to be negligible above 2000 µm.  This 
indicates that above 2000 µm, the crack spacing has become large enough that the 
cracks are no longer interacting and therefore behave as single cracks.    
Figure 87 also demonstrates that the stress intensity factor decreases rapidly 
with decreasing crack spacing regardless of the crack depth ratio.  This indicates that 
the larger cracks are interacting with more than just the two nearest neighboring 
cracks.  Figure 88 provides a comparison between the calculated Frac2D results and 
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the Benthem and Koiter solution for a periodic array of cracks of equal depth with 
twice the crack spacing (i.e. the location of the second nearest neighboring cracks).  
There is a good match between the calculated solutions.  This further supports the idea 
that the larger cracks are interacting with more than just the smaller, nearest 
neighboring cracks.  Additional modelling is needed to carefully quantify the effects 
from the various neighboring cracks.  However, these results indicate that if two or 
more cracks of comparable size are within 2000 µm, the crack interactions will 
decrease the stress intensity factors.  This supports the validity of the conclusions 
made above about the corrosion fatigue resistance of each of the claddings.  The 
results also demonstrate that the smaller cracks between the larger cracks may cause 
the surface of the samples to become more compliant and reduce the stress intensity 
factors even further.  It is important to note that the actual cracks in the samples were 
not in an infinite array.  Therefore, the extent of reduction in the K values may be 
slightly different than what is predicted by the models.   More work is needed to 
quantify the extent of the crack interactions in each of the samples based on the 
specific crack depths and distributions of each sample.   
The total number of cracks in each sample also provided insight into the 
corrosion fatigue behavior of the claddings.  Figure 89 shows the total number of 
cracks that were measured for each sample.  Cracks were not present in the flat laser 
weld overlay at 25 or 50 cycles and very few cracks were in the as-received laser weld 
overlay at 25 and 100 cycles.  In comparison, numerous cracks were observed in the 
corresponding GMAW and coextruded claddings.  This indicates that the laser weld 
overlay claddings were more resistant to crack initiation. 
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The morphology of the solidification substructure within the weld overlays is 
controlled by the temperature gradient, G, and the growth rate of the solid during 
solidification, R.
38
  During solidification, perturbations develop in the planar 
solidification front that are stabilized by constitutional supercooling.  As the 
temperature gradient ahead of the planar solidification front decreases, the amount of 
constitutional supercooling increases.  This promotes the formation of a cellular 
substructure.
54
  If the temperature gradient is decreased even further, protrusions 
develop between the cells and form secondary dendrite arms, resulting in a dendritic 
substructure.
54
  The growth rate has the opposite effect on the substructure 
morphology.  An increase in the growth rate causes additional solute to build up in 
front of the solidification front.  This increases the amount of constitutional 
supercooling and promotes the transition to cellular and dendritic substructures.
54
   
In order to understand the development of the substructure in the weld 
overlays, the temperature gradients and the growth rates need to be estimated.  The 
temperature gradient and the growth rate can be related to the cooling rate, ε, by the 
equation
38
 
          [24] 
where G is the temperature gradient and R is the growth rate.  The cooling rate can be 
related to the dendrite arm spacing, λ,  via the equation24 
  
 
 
 
    
 
      [25] 
where A and n are material constants (A=32 and n= 0.31 are good approximations for 
Ni-based alloys
24
).  The average dendrite arm spacing in the flat GMAW samples was 
measured to be ~8 µm.  The average dendrite arm spacing in the flat laser weld 
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overlay samples was ~12 µm.  Using equation 24, the cooling rates of the flat GMAW 
and laser weld overlays were calculated to be 87.5°C/s and 23.7°C/s respectively.   
It has also been shown that the growth rate of the solid, R, during solidification 
is related to the travel speed, V, of the weld according to the equation
38
 
              [26] 
 where α is the angle between the welding direction and the normal to the weld pool 
boundary.  When α is zero, the growth rate is equivalent to the travel speed (i.e. at the 
weld centerline parallel to the top surface of the weld).  At this location within the 
weld pool, the growth rate of the flat GMAW weld overlay was 4.2 mm/s.  The flat 
laser weld overlay was 8.9 mm/s.  Using equation 24, the temperature gradient for the 
flat GMAW and laser weld overlays were calculated to be 20.7°C/mm and 2.7°C/mm, 
respectively.   
The flat laser weld overlay samples had a significantly higher growth rate and 
a significantly lower temperature gradient.  Therefore, there was a higher amount of 
constitutional supercooling in the flat laser weld overlay samples which promoted the 
development of a secondary dendrite arms and the formation of a dendritic 
substructure.  Figure 90 shows the substructure of both the flat GMAW and laser weld 
overlay samples.  The flat GMAW weld overlay appears to have a more cellular 
substructure than the flat laser weld overlay sample.  The more prevalent and coarser 
secondary dendrite arms in the laser weld overlay increase the resistance to crack 
initiation.  The interdendritic regions between the secondary dendrite arms make it 
difficult for corrosion fatigue cracks to initiation and propagate down the dendrite 
cores.  It should be noted that in chapter three the microsegregation profiles in the 
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GMAW and laser weld overlay claddings were determined to be similar.  Therefore, 
differences in the crack initiation between the GMAW and laser weld overlay samples 
were not a result of differences in the microsegregation profiles. 
Figure 89A reveals a large number of corrosion fatigue cracks in the flat 
coextruded cladding at 25 cycles.  The corrosion fatigue mechanism of wrought steel 
waterwall tubes involves the preferential corrosive attack of grain boundaries.  The 
preferentially corroded grain boundaries act as stress concentrations that eventually 
crack under the cyclic thermal stresses.  The flat coextruded cladding at 25 cycles was 
etched to determine the location of the corrosion fatigue cracks.  Figure 91 
demonstrates that the corrosion fatigue cracks did not initiate at the grain boundaries.  
Therefore, preferential corrosive attack of the grain boundaries is not the mechanism 
of corrosion fatigue crack initiation in the coextruded claddings. 
Figure 89A indicated that the number of cracks in the flat coextruded cladding 
decreased from 25 to 50 cycles, increased from 50 to 100 cycles, and decreased from 
100 to 440 cycles.  This behavior is associated with the reduction in the stress intensity 
factors due to crack interactions, as previously discussed.  Figure 85A shows the two 
parameter Weibull analysis results for the flat coextruded crack spacings.  At 25 
cycles, ~80% of cracks in the flat coextruded sample were ~36 µm or less.  Figure 77 
indicates that ~93% of the cracks were ~18 um or less.  Figure 84 demonstrates that 
the stress intensity factors for an array of equal crack depths of 12.5 µm are 
significantly reduced below a crack spacing of 100 µm.  Therefore, the cracks in the 
flat coextruded 25 cycle sample interacted and the crack growth rates were reduced.  
This allowed the corrosion on the surface of the sample to consume some of the 
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cracks.  The number of cracks then decreased from 25 to 50 cycles. This increased the 
crack spacings.  Figure 85A shows that ~80% of the crack spacings in the 50 cycle flat 
coextruded sample were ~ 120um or less. Figure 78 indicates that the crack depths did 
not increase from the 25 to 50 cycle flat coextruded samples as ~93% of the crack 
depths are still ~18um or less.  Therefore, the consumption of the corrosion fatigue 
cracks by the corrosion scale increased the crack spacings and allowed the crack 
interactions to become negligible.  Thus, the number of cracks increased from 50 to 
100 cycles.   
A similar process occurred between 100 and 440 cycles, as the number of 
cracks decreased from the flat 100 cycle coextruded sample to the flat 440 cycle 
coextruded sample.  This effect is illustrated in Figure 92 which provides an example 
of a heavily cracked region on the flat 100 cycle coextruded cladding.  The cracks 
were growing together and were being consumed by the corrosion scale.  The results 
demonstrate that the crack interactions have a strong influence on the corrosion fatigue 
crack behavior.  If a sufficiently large number of corrosion fatigue cracks are able to 
initiate, the interactions between the cracks will significantly reduce the stress 
intensity factors and therefore the crack growth rates.  This allows the corrosion scale 
to consume the cracks and then the process can repeat itself.  As such, the initiation of 
a large number of cracks is not necessarily indicative of poor corrosion fatigue 
resistance.   
Figure 93 shows representative images of the  laser profilometry results for 
each of the as-received claddings.  Several deep valleys of the weld ripples were 
observed.  Figure 89 demonstrates that the as-received GMAW samples had more 
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cracks than the flat GMAW samples.  These valleys of the weld ripples acted as 
additional stress concentrations that significantly enhanced crack initiation.  The 
additional cracks result in significant crack interactions which reduce the stress 
intensity factors, as discussed previously.   
The as-received laser weld overlay samples also experienced a significant 
effect from the surface finish.  Figure 89 shows that very few cracks were in the 25 
and 100 cycle as-received laser weld overlay samples.  This suggests that the crack 
initiation process was not enhanced by the surface finish.  However, the pre-existing 
oxide scale that most likely formed on the as-received laser weld overlay samples 
delayed the sulfidation process, which would delay the crack initiation process.  
Therefore, the effect of surface finish on the as-received laser weld overlay samples 
was probably offset by the delayed corrosive attack of the samples due to a pre-
existing oxide scale.  A similar effect was not observed in the as-received GMAW 
weld overlay samples because the valleys of the weld ripples were significantly 
deeper.  The effect of surface finish on the crack initiation in the as-received GMAW 
samples overwhelmed the effect of the pre-existing oxide scale.   
Once the pre-existing oxide scale deteriorated in the as-received laser weld 
overlay samples, the cracks were able to initiate and propagate.  Figure 84B 
demonstrates that the stress intensity factor range for the 440 cycle as-received laser 
weld overlay sample was significantly higher than in the corresponding GMAW and 
coextruded samples.  This suggests that the stress concentrations from the valleys of 
the weld ripples enhanced the crack growth rates in the as-received laser weld overlay 
samples.  Figure 89 indicates that the number of cracks in the 440 cycle as-received 
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laser weld overlay sample were significantly lower than in the as-received 440 cycle 
GMAW sample.  This makes sense given that the valleys of the weld ripples were not 
as deep in the as-received laser weld overlay sample.  Fewer cracks within the as-
received laser weld overlay sample suggests that crack interactions were less 
significant, as discussed previously.  Therefore, the enhancement in the crack growth 
rates due to the effect of surface finish was not inhibited by crack interactions.  This 
resulted in the as-received laser weld overlay having the worst corrosion fatigue 
resistance.  Clearly, these results demonstrate that the valleys of the weld ripples 
promoted crack initiation and propagation in the as-received GMAW and laser weld 
overlay claddings.   
Conclusions 
The corrosion fatigue resistance of GMAW, coextruded, and laser weld 
overlay claddings was evaluated under simulated corrosion fatigue conditions.  The 
following conclusions can be drawn from this work. 
1. A two parameter Weibull analysis can be used to characterize the corrosion 
fatigue resistance of the weld overlay claddings by analyzing the cumulative 
distribution function associated with the crack depth and crack spacing data.   
2. The corrosion resistance of the flat GMAW, coextruded, and laser weld 
overlay samples was very similar.  The flat 440 cycle GMAW and coextruded 
claddings had larger crack depth ranges at 95% probability than the flat 440 
cycle laser weld overlay cladding.  However, they also had more cracks above 
95% probability.  As a result, the increase in the K values due to deeper cracks 
was offset by the decrease in the K values due to increased crack interactions.   
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3. The as-received coextruded cladding exhibited superior corrosion fatigue 
resistance.  The 440 cycle as-received coextruded cladding had the smallest 
crack depth range and largest number of cracks above 95% probability.  
Therefore, the cracks in the coextruded cladding had a lower K value due to 
smaller crack depths and greater crack interactions.   
4. The difference between the as-received coextruded and weld overlay claddings 
was attributed to the effect of surface finish.  The valleys of the weld ripples 
promoted crack initiation and propagation in the GMAW and laser weld 
overlay samples.   
5. The corrosion fatigue behavior of the claddings was strongly influenced by the 
crack interactions.  The initiation of a large number of corrosion fatigue cracks 
was not necessarily detrimental to the corrosion fatigue resistance.  An 
increased number of corrosion fatigue cracks can cause stronger crack 
interactions.  This reduces the stress intensity factors and improves the 
corrosion fatigue resistance. 
6. Crack initiation was delayed in the laser weld overlay samples.  This was 
attributed to the difference in substructure between the GMAW and laser weld 
overlays.  The interdendritic regions between the secondary dendrite arms in 
the laser weld overlay samples made it difficult for corrosion fatigue cracks to 
initiation and propagate down the dendrite cores. 
7. Preferential corrosive attack of the grain boundaries was not the mechanism of 
corrosion fatigue cracking in the coextruded claddings. 
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8. Frac2D was used to model the stress intensity factors of cracks in a periodic 
array with alternating crack depths.  The results demonstrated that the stress 
intensity factor decreased rapidly with decreasing crack spacing regardless of 
the crack depth ratio.  Therefore, the largest cracks in each of the samples were 
most likely interacting with more than just the nearest two neighboring cracks.   
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Table 15: Chemical composition limits of the alloy 622 and T11 steel that was used to fabricate the claddings.  
All the values are given in weight percent. 
  GMAW Overlay Laser Weld Overlay Coextruded  
  622 T11 622 T11 622 T11 
C 0.010 0.090 0.010 0.080 0.002 0.120 
Co 0.06 0.01 0.03 0.01 0.81 — 
Cr 21.86 1.11 24.48 1.19 21.30 1.22 
Fe 4.95 97.16 3.41 97.12 3.70 — 
Mn 0.25 0.46 0.21 0.50 0.25 0.52 
Mo 13.85 0.50 13.43 0.48 13.10 0.52 
Ni 55.23 0.03 55.00 0.10 57.97 0.02 
P — 0.015 — 0.007 0.012 0.009 
S 0.001 0.001 0.001 0.002 0.002 0.026 
Si 0.05 0.57 0.10 0.31 0.03 0.62 
W 3.16 — 3.00 — 2.80 — 
Al 0.52 0.03 0.31 0.02 0.00 0.03 
Cu 0.03 0.02 0.01 0.18 0.00 0.02 
 
Table 16: The crack spacings that were used to model the stress intensity factors in a periodic array of 
cracks with alternating depths. 
 
Crack Spacings (µm) 
5000 
2000 
1000 
800 
600 
400 
300 
200 
150 
100 
50 
25 
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Table 17: The number of corrosion fatigue cracks in the 440 cycle samples that are the largest 5% of the 
cracks according to the two parameter Weibull analysis.  The range of cracks sizes are also given. 
Sample Number of Cracks Crack Size Range (µm) 
Flat GMAW weld overlay 5 120-138 
Flat Coextruded 12 108-165 
Flat Laser weld overlay 5 95-113 
As-received GMAW weld overlay 38 77-132 
As-received Coextruded 50 36-112 
As-received laser weld overlay 13 132-184 
 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 65: Corrosion fatigue cracks observed in the flat GMAW weld overlay at A) 25 B) 50 C) 100 and D) 440 cycles.  
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Figure 66: Corrosion fatigue cracks in the flat laser weld overlay samples at A) 25 cycles B) 50 cycles C) 100 cycles and D) 440 cycles 
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Figure 67: Corrosion fatigue cracks in the flat coextruded samples at A) 25 cycles B) 50 cycles C) 100 cycles and D) 440 cycles 
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Figure 68: Corrosion fatigue cracks in the as-received GMAW weld overlay samples.  A) 25 cycles B) 100 cycles C) 440 cycles 
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Figure 69: Corrosion fatigue cracks in the as-received laser weld overlay samples.  A) 25 cycles B) 100 cycles C) 440 cycles 
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Figure 70: Corrosion fatigue cracks in the as-received coextruded cladding samples.  A) 25 cycles B) 100 cycles C) 440 cycles 
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Figure 71: Regions of minimal corrosion scale on the surface of the as-received samples at 100 cycles.  A) GMAW B) coextruded cladding C) laser weld overlay 
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Figure 72: Average crack depth values for the corrosion fatigue samples.  A) Flat and B) As-received  
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Figure 73: Average crack spacing data for the flat corrosion fatigue samples. 
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Figure 74: Average crack spacing data for the as-received corrosion fatigue samples. 
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Figure 75: Maximum crack depths measured for each of the A) Flat and B) As-received samples. 
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Figure 76: A representative histogram of the crack depth data for the flat GMAW sample that was tested for 
100 cycles.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 77: Cumulative distribution function of the corrosion fatigue crack depths for the flat and as-received 
samples at 25 cycles. 
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Figure 78: Cumulative distribution function of the corrosion fatigue crack depths at 50 cycles for the flat 
samples.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 79: Cumulative distribution function of the corrosion fatigue crack depths at 100 cycles for the flat 
and as-received samples. 
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Figure 80: Cumulative distribution function of the corrosion fatigue crack depths at 440 cycles.  A) Flat 
samples B) As-received samples.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 81: The dimensionless stress intensity factors as a function of the crack depth and crack spacing for a 
periodic array of cracks with equal crack depths.40 
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Figure 82: The stress intensity as a function of crack spacing for a periodic array of cracks of equal crack 
depths.  Several different crack depth curves are shown. 
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Figure 83: The crack depth ranges for the corrosion fatigue samples above a 95% probability according to 
the two parameter Weibull analysis.  A) Flat corrosion fatigue samples B) As-received corrosion fatigue 
samples 
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Figure 84:  The stress intensity factors for a periodic array of cracks of equal crack depths.  The stress 
intensity factors were calculated using the Benthem and Koiter solution and are shown as a function of the 
crack spacing for several different crack depths.  The stress intensity factor ranges for the corrosion fatigue 
samples are also shown.  A) Flat corrosion fatigue samples B) As-received corrosion fatigue samples 
A) 
B) 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 85: Cumulative distribution function of the crack spacings for each of the flat samples.  A) Coextruded B) GMAW weld overlay C) Laser weld overlay  
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Figure 86: Cumulative distribution function of the crack spacings for each of the as-received samples.  A) Coextruded B) GMAW weld overlay C) Laser weld 
overlay 
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Figure 87: The calculated stress intensity factor for the larger of the two cracks as a function of crack spacing.  Several different curves are plotted as a 
function of crack depth ratio.  As a comparison, the solution developed by Benthem and Koiter for a periodic array of uniform depth cracks is shown.  The 
stress intensity value of a single crack of the same depth is also given.  A) 200 µm large crack B) 150 µm large crack C) 100 µm large crack D) 50 µm periodic 
array of uniform cracks 
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Figure 88: Comparison of the Frac2d results to the Benthem and Koiter solution with twice the crack spacing.  Several different curves are plotted as a 
function of crack depth ratio.
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Figure 89: Total number of cracks measured for each of the samples.  A) Flat B) As-received samples. 
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Figure 90: Representative images of the dendritic substructure in the weld overlay claddings.  A) GMAW 
weld overlay B) laser weld overlay 
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Figure 91: Corrosion fatigue cracks in the surface of the coextruded sample at 25 cycles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 92: Example of the crack consumption in the flat coextruded cladding at 100 cycles.  
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Figure 93: Laser profilometry results showing the difference in surface finish between the different 
claddings.  A) GMAW B) coextruded cladding C) laser weld overlay 
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Chapter 5: Future Work 
The research presented in the previous chapters discussed the corrosion fatigue 
cracking behavior of alloy 622 weld overlay and coextruded claddings.  The research 
focused on the effects of surface finish and microsegregation on the corrosion fatigue 
resistance.  Future experiments would also analyze the effect of dilution on the both 
the corrosion and corrosion fatigue resistance.  A series of welds would be fabricated 
on alloy 622 at several different dilution levels.  Samples would be tested under the 
same conditions and compared to this research.  The results would provide additional 
information concerning the effects of corrosion on the corrosion fatigue mechanisms 
as different corrosion scales would be expected to develop with changes in 
composition.   
Very little research has been conducted to optimize the corrosion resistance of 
Ni-based alloys in coal combustion conditions.  The alloys that are currently used for 
these applications were chosen because they provide good general corrosion 
resistance.  Future work would focus on tailoring the alloy composition to optimize 
the corrosion resistance and therefore increase the corrosion fatigue resistance.  It is 
well established
55
 that traditional high temperature oxidation resistance alloys do not 
exhibit good corrosion resistance in sulfidizing environments.  This is due to the fact 
that sulfur is able to diffuse through the oxide scales and react with the underlying 
alloy to form rapidly growing sulfides that break up the oxide scale.  Refractory metals 
such as Mo and Nb, are known to have reactions rates that are very low (on the same 
order as protective oxides in oxidizing environments).  Therefore, the development of 
a protective sulfide scale may improve the corrosion resistance.  Research by 
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Strafford
56
 has shown that V, Nb, W, and Mo are very beneficial to the sulfidation 
resistance of Co.  Therefore, future research would evaluate the effects of alloying 
elements such as V, Nb, W and Mo on the corrosion resistance of Ni.    
The current corrosion fatigue research evaluated the corrosion fatigue 
resistance of Alloy 622 using a multi-crack approach.  While there are many benefits 
to this approach, it does not allow for the determination of da/dn vs. ΔK, which is 
fundamental to the understanding of the corrosion fatigue behavior.  This is due to the 
fact that the cracks continuously initiated in the samples.  Therefore it was difficult to 
determine when the corrosion fatigue cracks formed.  A single crack testing technique 
could be used in conjunction with the multicrack testing technique to provide 
additional information concerning the crack propagation behavior.  Single crack test 
would provide information concerning the enhancement in the crack growth rates due 
to the corrosive environment.  In addition, the effect of preferential corrosion could be 
further characterized by conducting single crack tests on both corroded and 
uncorroded samples.  
Additional corrosion fatigue tests would also be conducted for higher number 
of corrosion fatigue cycles.  Crack interactions have been shown to significantly 
influence the corrosion fatigue behavior.  The crack interactions reduce the crack 
growth rates and allow the corrosion scale to consume the cracks.  This reduces the 
crack interactions and allows crack initiation and propagation to continue.  Corrosion 
fatigue tests conducted at longer times would reveal whether or not this continues or 
whether certain cracks are able to break away and propagate to failure. 
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Finally, corrosion studies could be conducted in conjunction with the corrosion 
fatigue tests to better understand the development of the corrosion scales.  
Thermogravimetric analysis (TGA) could be used to determine the specific sulfidation 
rates of each of the claddings.  The results could be compared to the corrosion fatigue 
studies to see what effect, if any, the stress has on the corrosion development.  Floreen 
and Kane
57
 evaluated alloy 718 in fourteen different gaseous environments at 650°C.  
The authors indicated that corrosion scales did not form on the samples in some of the 
corrosive conditions without the presence of the cycle stresses.  As such, the TGA 
results could be compared to the corrosion fatigue results to elucidate the role of stress 
on the corrosion scale development.  
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Appendix 
The following are a series of light optical microscopy images of the corrosion 
and corrosion fatigue cracks on each of the claddings. 
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